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Summary

Keywords: herbivore-induced plant volatiles, olfactometer, parasitoid behaviour, learning, host

finding, competition, host-discrimination

Odour cues are crucial for adult female and male parasitoids throughout their life span.
The attraction of parasitoids to the odours of plants, hosts, food sources, conspecifics and
competitors have been studied using various methods and tools, mostly in different types of
olfactometers and wind tunnels. For this thesis we developed a novel olfactometer for high-
through-put bio-assays. In chapter 1 this six-arm olfactometer is introduced and its usefulness
tested. Six different odour sources can be offered in parallel and it permits simultaneous
observation of insect attraction and odour trapping for subsequent chemical analyses. By testing
the responses of the parasitoid Cotesia marginiventris to host-induced maize odours it is shown
that this olfactometer is a very effective tool to study the attractiveness of single odours sources,
but also the relative attractiveness of simultaneously offered odours. Moreover, the trapping of
the induced plant volatiles during the behavioural assays was very effective and permitted to
establish a direct correlation between the wasps’ behaviour and the actual quantity and quality of
the corresponding odours.

Not only host plants can be tested as odour sources, but also conspecific individuals of the
same or of the opposite sex, permitting therefore to study the role of odours in another important
aspect of the parasitoids behaviour, mate finding (Chapter 2). Males of the two parasitoid
species C. marginiventris and Microplitis rufiventris were attracted to the odour of their
conspecific females, whereas males were not attracted to other males, and females were not
attracted to either sex. Unlike females, males of these two species were not found to be
attracted to volatiles emitted by plants under attack by caterpillar hosts, also not after
experiencing the odour during mating. Hence, males of both species are able to perceive and

respond to female-produced pheromones, but they do not seem to make use of plant volatiles



for mate finding and do not use learning as a means to associate potential mates with an
experienced odour. This is in contrast with the ability of females of many parasitoid species that
are able to learn to associate specific plant-produced odours with the presence of hosts. In
chapter 3 we compare the responses of naive and experienced females of the three generalist
larval endoparasitoid C. marginiventris, M. rufiventris and Campoletis sonorensis to the induced
odours of three host plant species offered simultaneously. Despite their similarity in biology,
these three parasitoids employ different foraging strategies and only C. marginiventris showed a
clear use of associative learning as part of this strategy. In chapter 4 we tested if C.
marginiventris also learns to associate odours with its host when it is immature. No such effect of
so-called preimaginal learning was found for it, but in the same chapter it is shown that an
ovipositional experience on one of four different substrates (three host plants and artificial diet)
have an effect on the subsequent acceptance of hosts. Independently of the type of experience,
C. marginiventris females started to parasitize faster and parasitized more when they were
subsequently offered larvae feeding on one of the host plants, than when larvae were feeding on
artificial diet. Only females that had an oviposition experience on artificial diet parasitized the
larvae feeding on artificial diet as readily as on the plants. In Chapter 5 it is shown that, in order
to find hosts, C. marginiventris and M. rufiventris make different use of volatiles resulting from
fresh damage (green leaf volatiles), truly induced volatiles such as terpenoids and aromatics
(which are only emitted several hours after initial damage by herbivores), and volatiles that are
directly associated with the herbivores and/or their by-products. C. marginiventris is initially
mostly attracted to odours from fresh damage and learns to use the induced volatiles after
perceiving them during an encounter with hosts. M. rufiventris females, on the other hand, are
initially attracted to plant volatiles, but when experiencing host on plants they appear to be less
attracted to plant odours but respond to odours that are specifically emitted by the hosts or their

products.



In the 6™ and final chapter it is revealed that the odour of competing species can also
affect the host searching behaviour of parasitoids. Studying the interactions between the two
coexisting and competing species C. marginiventris and C. sonorensis it was found that the
inferior intrinsic competitor C. marginiventris avoids the odour of the superior competitor C.
sonorensis. This discrimination of habitats with and without competitors from a distance is

expected to be an optimal foraging strategy.



Résumé

Mots-clés: volatiles induits par des herbivores, olfactométre, comportement des parasitoides,

apprentissage, recherche de I'héte, compétition, discrimination de I'h6te

Les odeurs sont primordiales dans la vie des parasitoides aussi bien males que
femelles. L’attraction des parasitoides pour les odeurs de plantes, d’hétes, de nourriture, de
conspécifiques et de compétiteurs a été étudiée grace a de nombreuses méthodes, avec
différents outils, en général au moyen d’olfactométre ou de tunnels de vol. Dans ce travalil,
nous développons un nouvel olfactométre qui permet un débit élevé. Dans le chapitre 1, cet
olfactométre a six bras vous sera présenté et son utilité démontrée. Six sources d'odeurs
différentes peuvent étre testées en paralléle et il permet simultanément I'observation de
I'attraction des insectes et la collecte d’odeur pour les analyses. En testant les réponses du
parasitoide Cotesia marginiventris aux odeurs induites par I'h6te chez le mais, nous
montrons que cet olfactométre est particuliérement efficace dans I'étude de I'attractivité
d’'une odeur particuliéere mais aussi de son attractivité relativement aux autres odeurs
proposées. De plus, la capture pendant les expériences des volatils induits chez la plantes
s'est avérée particulierement efficace et a permis d'établir la corrélation entre le
comportement des guépes parasitoides et les caractéristiques quantitatives et qualitatives
des odeurs testées.

Grace a cet outil, il est aussi possible de tester les odeurs de conspécifiques du méme
sexe ou du sexe opposé, permettant ainsi d'étudier le réle des odeurs dans un domaine
particulierement important de la vie de ces parasitoides, la recherche d’'un partenaire sexuel
(chapitre 2). Les méales des deux especes de parasitoides C. marginiventris et Microplitis
rufiventris ont démontré leur attirance pour I'odeur des femelles de leur espéce ; les males
n'ont pas montré d’attraction pour les individus de leur sexe et les femelles n'ont pas été
attirée, ni par les males ni par les individus du méme sexe. Contrairement aux femelles, les

males de ces deux especes n'ont pas été attiré par les volatils des plantes sous I'attaque des



chenilles méme aprés avoir expérimenté un accouplement baigné de cette odeur. En outre,
les males des deux especes sont capable de percevoir et de répondre aux phéromones
produites par les femelles mais ne semblent pas s’aider des volatils végétaux pour trouver
leur partenaire, ni n'apprennent & associer la présence d'un partenaire potentiel avec une
odeur donnée. Ce résultat est en contraste flagrant avec la capacité que démontrent les
femelles de nombreux parasitoides d'associer des odeurs de plantes spécifiques avec la
présence de leur héte. Dans le chapitre 3, nous comparons les réponses des femelles des
endoparasitoides C. marginiventris, M. rufiventris et Campoletis sonorensis naives ou
expérimentées a I'odeur induite chez trois types de plantes offertes simultanément. En dépit
de leur similarités biologiques, ces trois espéces de parasitoides emploient des techniques
de recherches bien différentes et c’'est seulement C. marginiventris qui témoigne d’une claire
utilisation de I' « associative learning » dans sa stratégie. Au chapitre 4, nous testons la
faculté des stades immatures de C. marginiventris d’associer odeur et hotes potentiels. Nous
n‘avons pas mis en évidence d’apprentissage pré-immaginal mais nous montrons que
I'expérience d’oviposition sur I'un des quatre substrats (trois plantes hétes et une diete
artificielle) présente une importance sur l'acceptation future des différents hotes.
Indépendamment du type d'expérience, les femelles de C. marginiventris débutent leur
parasitisme plus vite et parasitent plus lorsqu’on leur propose des larves se nourrissants sur
'une des trois plantes plutot que sur le milieu artificiel. Seules les femelles ayant eu une
expérience d’oviposition sur milieu artificiel ont parasité les larves se nourrissant sur milieu
artificiel aussi vite que celles se nourrissants sur les plantes. Dans le chapitre 5, nous
montrons que dans le but de trouver leur héte, C. marginiventris et M. rufiventris font usage
des volatils résultants des dommages frais (green leaf volatiles), des véritables volatils
induits tels que terpenoides et composés aromatiques (qui sont émis plusieurs heures apres
I'attaque initiale des herbivores) et des volatils qui sont directement associés aux herbivores
et a leur «by-products ». C. marginiventris est principalement attiré par l'odeur des
dommages frais et apprends a utiliser les volatils induits aprés leur perception lors d’'une

rencontre avec un hote. Au contraire, les femelles de M. rufiventris sont initialement attirées



par les volatiles des plantes mais lorsqu’elles ont fait I'expérience d'une rencontre avec un
héte sur la plante, elles semblent étre moins attirées par les volatils de plantes mais
répondent plus aux odeurs qui sont émises spécifiquement par I'héte et ses produits.

Dans le chapitre 6 et le chapitre final, nous révélons que l'odeur d’'une espéce
compétitrice peut aussi affecter la recherche de I'hdte chez ces parasitoides. En étudiant les
interactions entre deux espéces compétitrices et coexistant en un méme endroit, C.
marginiventris et C. sonorensis, nous avons trouvé que le compétiteur intrinséquement
inférieur C. marginiventris évite les odeurs produites par le compétiteur supérieur C
sonorensis. La discrimination a distance de I'habitat avec ou sans compétiteur est pressentie

comme une stratégie de recherche optimale.

Traduction Nicolas Margraf



General Introduction

Females of various parasitoids of herbivores make use of plant odours induced by
insect feeding to locate host plants that may carry their hosts (Vet and Dicke, 1992; Turlings
and Benrey, 1998; Dicke and Vet, 1999; Turlings and Waéckers, 2004). Several of these
parasitoid species have been shown to be able to learn the plant and other odours when
perceiving them during an encounter with hosts (Turlings et al., 1993; Vet et al., 1995).

This ability of associative learning is generally expected to be an adaptive strategy for
parasitoids that have a broad host range or which can find their hosts on multiple plant
species (Vet and Groenewold, 1990; Vet and Dicke, 1992; Vet, 1999; Steidle and van Loon,
2003), but the general validity of this concept is unclear (Steidle and van Loon, 2003).

Similarly, preimaginal experiences with odours from food plants during the
development inside the host can affect the wasps’ behaviour as adults, demonstrating an
effect of the host’s food plant on the behaviour of an adult wasp (Monteith, 1958; Vet, 1983;
Drost et al., 1986; Drost et al., 1988; Hérard et al., 1988; Wickremasinghe and van Emden,
1992; Cortesero and Monge, 1994; Bogahawatte and van Emden, 1996; Storeck et al., 2000;
Gandolfi et al., 2003).

Other studies show that an oviposition experience in hosts on a particular substrate not
only increases the attractiveness of the odours produced by this substrates, but also
increases the acceptance of the hosts subsequently encountered on the same food
substrate, which may directly affect their reproductive success (Vet and Schoonman, 1988;
Mattiacci et al., 2000).

Induced plant odours are not the only attractive odours for adult parasitoids. Adult males
parasitoids belonging to many species are known to make use of volatile sex pheromones
produced by their conspecific females in order to optimize their reproductive success (for
reviews see Eller et al., 1984 and Fauvergue et al., 1999). The possible exploitation of plant
odours by male parasitoids in mate finding has only rarely been studied. In the few studies

that looked at this, males mostly failed to respond to plant cues (Eller et al., 1988; Messing
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and Jang, 1992; Udayagiri and Jones, 1992; Jones, 1996; Pettersson et al., 2000;
Pettersson, 2001). It remains unclear, however, if males can learn to use plant-provided cues
to find mate, in the same way females do to find host.

Different parasitoids species are associated with one or more hosts and this co-
dependence on the same resource leads to competition among them. Interspecific host
discrimination (avoidance of multiparasitism) is rarely found, and van Alphen and Visser
(1990) argue that it could eventually evolve only in inferior competitors. Based on a
simulation model, (Turlings et al., 1985) suggest that, as long as a female parasitoid is not
egg limited, she should always accept a host already parasitized by another species, even if
the chance of offspring survival is small. This assumption would change if host rejection
would result in considerable time gain, time that could be used to find more suitable hosts
(Turlings et al., 1985). Such a time gain could be achieved if already parasitized hosts are
detected and rejected from a distance. Interestingly, it has been shown that odours produced
by parasitoid belonging to a certain species or induced by their presence can serve as signal
for other co-occurring and competing parasitoid species (Janssen et al., 1995a; 1995b) and

this could be see as a strategy to avoid interspecific competition.

To elucidate the specific questions concerning parasitoid attraction or repellence by
various odour sources, many laboratory studies have been conducted using mostly different
types of olfactometers and wind tunnels. The most commonly used olfactometer are the Y-
shaped (Mc Indoo 1926, Snapp and Swingle, 1929), the T-shaped linear tract (Sakuma and
Fukami, 1985) and the four arm olfactometers (Pettersson, 1970 and Vet et al.,, 1983).
Chemical information on the odour sources had normally to be obtained in separate
analytical studies. This has become a hurdle with the increasing need to compare large
numbers of odour sources for their relative attractiveness and to understand which
compounds are the most important for the attraction of the insects. The composition of the
induced volatiles emitted by herbivore damaged plants vary considerably between different

plant species and between different genotypes of the same plant species, revealing
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differences in the quantity as well as the quality (relative ratios) of the produced volatiles
blends (for reviews see Dicke, 1994; Dicke, 1999). Among plants belonging to the same
species, considerable variability can also be found under different abiotic conditions, for
different herbivore species and herbivore stages (Gouinguene et al., 2001). Moreover, the
induced odour emissions can, for the same species, differ over time, showing some
compounds immediately after damage and others needing more time to be synthesised by
the attacked plants. These differences of the blend composition were often found to be
reflected in the different attractiveness of the plant species or varieties for parasitoids, which
was not only due to differences in quantity, but also to qualitatively differences (Hoballah et
al., 2002). To investigate the consequences of all this variation for parasitoid attraction,

more efficient bio-assay methods need to be developed.

Thesis outline

For this thesis we first developed an novel bio-assay tool and with that | investigated
several of the above questions concerning the use of volatile substances by parasitoids with
a study system that consisted of the three plant species maize (Zea mays, var. Delprim),
cotton (Gossypium herbaceum) and cowpea (Vigna unguiculata); the herbivores Spodoptera
littoralis (Boisduval) (Lepidoptera: Noctuidae); and the larval parasitoids Cotesia
marginiventris (Cresson) (Hymenoptera: Braconidae), Microplitis rufiventris (Kokujev)
(Hymenoptera: Braconidae) and Campoletis sonorensis (Cameron) (Hymenoptera;
Ichneumonidae). These three parasitoids are important enemies of important lepidopteran

pests including several Spodoptera spp.

The thesis is organized as follows:

Chapter 1 introduces a six-arm olfactometer that was developed to facilitate our efforts
to determine which specific compounds in the plant provided signals are the key attractants
to parasitoids. For this purpose we wanted to test multiple odour sources at once. The

12



principle aim of the chapter was to test if this six-arm olfactometer is an effective tool that
permits us to test the relative attractiveness of different odour sources offered to the wasps
at the same time. An additional feature of the device is the possibility to collect volatiles from
the different odour sources during the bioassays. It was tested if indeed the composition and
guantities of the collected volatile blends could be determined after each experiment by
analysing the collected samples by gas chromatography and mass spectroscopy. We further
studied if, in the olfactometer, wasps could distinguish between several odour sources if they
were offered simultaneously and if wasps that were released together affect each other's

choices.

In Chapter 2 we tested the possible role of sex pheromones and/or plant volatiles in
mate finding by C. marginiventris and M. rufiventris. Considering that the wasps are solitary
and likely to emerge from their cocoons away from potential mates, it can be expected that
they use cues like sex pheromones to locate such mates. To see if this is the case, we
observed responses of females and males to the odours of individuals of the same or the
opposite sex. We further explored the possibility that plant volatiles are exploited by males in
order to locate females and used he olfactometer to test this, whereby we also considered

the possibility that males may learn to associate plant volatiles with the presence of females.

In Chapter 3 we used the six-arm olfactometer to compare the responses of the three
larval endoparasitoid, Cotesia marginiventris, Microplitis rufiventris and Campoletis
sonorensis, to the induced odours of three plant species: maize, cowpea, and cotton, that
can all be attacked by their herbivorous hosts. We had clear evidence from the literature and
our own observations that the three species use such cues to locate hosts, but also had
indications that they differ in how they change their responses after they experience specific
odours during a contact with hosts. To test this, the preference of naive females for the plant

induced odours were compared with the preference of females that had an oviposition
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experience with one of the plant-hosts-complex to find out if the adult females of these three

species showed an effect of associative learning.

In Chapter 4 we tested if the responses to induced plant odours in females of C.
marginiventris are affected by the diet that was eaten by the host in which they developed as
a larva. So-called preimaginal conditioning through host diet has been claimed for one
parasitoid and learning of odours during emergence from the cocoon has been observed in
several. To find out if this might be the case also for C. marginiventris females they were
reared in hosts on either artificial diet or maize, cotton or cowpea leaves and then tested and
compared in a six-arm olfactometer in which the induced odours of the three plant species
were offered simultaneously. In the same chapter we also tested if an oviposition experience
in hosts on a particular substrate (maize leaves, cotton leaves, cow leaves or artificial diet)
affects their host acceptance behaviour and parasitism rate during a subsequent contact with

hosts on the same or a different substrate.

In Chapter 5 we tested the relative importance of host-derived and plant-derived
volatiles for the attraction of the parasitoids C. marginiventris and M. rufiventris. This was
done by comparing responses of both naive and experienced C. marginiventris and M.
rufiventris to freshly damaged plants and plants with older damage, as well as to volatiles

emitted from host larvae and /or their frass.

In Chapter 6 we tested the hypothesis that competing wasps may have adapted their
foraging behaviour to optimize their foraging success. The outcome of competition between
the two sympatric parasitoids C. marginiventris and C. sonorensis was studied by analysing
the intrinsic competition in multiparasitised larvae and we tested if, in accordance with the
hypothesis, the inferior competitor could recognize and would avoid the odour of the superior

competitor.
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Abstract. Behavioural assays to study insect attraction to specific odours are
tedious, time consuming and often require large numbers of replications. Olfact-
ometer and flight tunnel tests can usually only be conducted with one or two
odour sources at a time. Moreover, chemical information on the odour sources
has to be obtained in separate analytical studies. An olfactometer was developed
in which six odours can be tested simultaneously for their relative attractiveness
while during the assays, part of each test odour can be trapped for further
analyses. The effectiveness of this six-arm olfactometer was tested by observing
the responses of the solitary endoparasitoid Cotesia marginiventris (Cresson) to
host-induced odours from young maize plants. For statistical analyses, we used
log-linear models were adapted to account for overdispersion and possible posi-
tional biases. Female wasps responded extremely well in tests where they were
offered a single odour source, as well as in tests with multiple choices. The
responses of wasps released in groups were the same as those released individually
and it was found that females did not attract or repel each other, but males
preferred arms in which females had been released. Dose—response tests with
varying numbers of plants or host larvae on plants revealed that the wasps
responded in a dose-related manner, thus showing that the system is well suited
to measure relative preference. The clear choices of the insects amongst six
possibilities provided substantial statistical power. Gas chromatographic analyses
of sampled air revealed clean and effective odour trapping, which largely facil-
itates the comparison of results from behavioural assays with the actual blends of
volatiles that were emitted by the various odour sources. Advantages and disad-
vantages compared to other methods are discussed.

Key words. Cotesia marginiventris, induced plant volatiles, log-linear model,
maize, olfactometer, parasitoid behaviour, Spodoptera littoralis, Zea mays.

Introduction

Olfaction is the primary sense used by insects to detect
and locate various resources (Whittaker & Feeny, 1971;
Tumlinson et al., 1993). Studies that aim to unravel odour-
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mediated interactions among insects and other organisms
usually involve behavioural as well as chemical assays.
These have resulted in the identification of numerous pher-
omone blends that insects use in sexual interactions (Mayer &
McLaughlin, 1991; Cardé & Minks, 1996; Howse etal.,
1998), but have also revealed the sources and identities of
substances that insects use to locate food and other
resources (Bell & Cardé, 1984; Cardé & Bell, 1995). The
studies are often tedious because of the time consuming
behavioural assays that are involved. In the laboratory,
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insect responses are usually observed in olfactometers or
flight tunnels of varying complexity (Hare, 1998).

Olfactometers have been used for over a century. One of
the earliest and best descriptions of an olfactometer comes
from McIndoo (1926); see also Snapp & Swingle (1929). He
tested the attractiveness of host-plant odours to beetles by
releasing the insects in the base of a Y-shaped glass tube
where they were exposed to odours that were introduced
through the two arms of the tube. An insect that walked
into one of the arms was assumed to have a preference for
the odour introduced through that arm. Y-Shaped olfacto-
meters, or comparable T-shaped linear tract olfactometers
(Sakuma & Fukami, 1985), are still commonly used to test
the olfactory responses of various arthropods (Sabelis &
vande Baan, 1983; Steinberg eral., 1992; Bartlet etal.,
1997; Pallini etal., 1997; Bernasconi etal., 1998; Sullivan
etal., 2000).

Pettersson (1970) developed the four-arm olfactometer,
which has been modified and described in more detail by
Vet etal. (1983). In this olfactometer, small insects are
introduced into a chamber in which four distinct odour
fields are created. In principle, four different odour sources
can be tested, but usually it is not used for more than two
types of odours. Four-arm olfactometers are well suited for
direct behavioural observations. Other types of olfacto-
meters are mainly static, without airflow, but in which
odour gradients determine the orientation of responding
insects (Ruther & Steidle, 2000). Directional responses to
odours by walking insects can be precisely recorded and
measured with walking spheres, as developed by Thiery &
Visser (1987).

For flying insects, flight tunnels can be employed (Miller &
Roelofs, 1978; Baker & Linn, 1984). Because the insects
will have to exhibit their full behavioural repertoire to reach
an odour source, flight tunnel assays are often more sensi-
tive to varying abiotic conditions, as well as the condition of
the insects. In particular, the tendency for insects to fly
towards light sources frequently prevents them from orient-
ing towards odour sources. However, positive responses in
flight tunnels provide the most convincing evidence that an
odour source is truly attractive to an insect.

All these behavioural assays are very time consuming.
They are usually designed for the release of one insect at a
time, responding to a very limited number of odours. More-
over, the chemical identities of the substances that evoke the
responses have to be determined in separate experiments.
Recent developments in the odour trapping and sensitive
analytical chemistry techniques have greatly facilitated such
efforts (Millar & Haynes, 1998). In studies on the role of
plant-provided cues in the host-location processes of para-
sitoids, several of these techniques have been employed
(Turlings etal., 1991b, 1998). However, the need to com-
pare large numbers of odour sources for their relative
attractiveness requires the development of novel assay tech-
niques that allow for faster testing of multiple odour
sources with larger numbers of insects.

The present study introduces an olfactometer in which six
odours can be offered to test insects at the same time, and

where part of each odour is collected on trapping filters for
subsequent chemical analyses. Using naive females of the
parasitoid Cotesia marginiventris (Cresson) (Hymenoptera:
Braconidae), it is shown that this olfactometer can be highly
effective in determining the relative preference for various
odours. The wasps were strongly attracted to maize plants
releasing an odour blend that is typical for plants under
caterpillar attack. In dose-response tests, the wasps also
clearly preferred sources that released more of these odours.
By releasing wasps in groups, the experiments could be
conducted in a relatively short time span. In separate experi-
ments, it was shown that female wasps do not interfere with
each other’s behaviour, but that males are attracted to
females.

Materials and methods
The insects

For all bioassays, 2-3-day-old naive individuals of the
solitary endoparasitoid C. marginiventris were used. The
rearing colony originated from the USDA-ARS, Biological
Control and Mass Rearing Research Unit (Mississippi). For
rearing, 25 Spodoptera littoralis (Noctuidae: Lepidoptera)
caterpillars (3—4 days old) were offered to a single mated
female (4-7days old) for 3h in a plastic-box (diameter
9.5cm, height 5cm). The parasitized caterpillars were kept
on a wheatgerm-based artificial diet in an incubator (25°C
and LD 16: 8 h) until cocoon formation. Cocoons were kept
in Petri dishes until adult emergence. Emerging adults were
sexed and kept in cages (30 x 30 x 30 cm) in the same incu-
bator at a sex ratio of 1:2 (male: female), with moist cotton
wool and honey as a food source.

Spodoptera littoralis larvae were reared from eggs pro-
vided by Syngenta (Stein, Switzerland). The eggs were kept
in the above incubator and, after emergence, larvae were
placed on the artificial diet at room temperature. In several
experiments, second-instar larvae were directly placed on
small maize plants to induce the production of volatiles. In
other cases, caterpillar regurgitant was used for this induc-
tion. Regurgitant was collected from third- and fourth-
instar larvae that had been fed on maize leaves, as described
by Turlings et al. (1993). The collected material was centri-
fuged and the supernatant was filtered through a 0.22 pm
filter to remove large particles and microorganisms, and
subsequently stored at —70 °C until used for the treatment
of plants.

The six-arm olfactometer

Details on the olfactometer are available at http://
www.unine.ch/zool/leae/olfactometer.html. The device was
assembled on a 1 x Im and 1.5m high three-tiered metal
frame on small wheels, with each level consisting of a wooden
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Fig.1. An overview of the six-arm olfactometer. (A) Top shelf where the insects can make choice for one of six possible odours. (B) Middle
shelf from where the insects are released. (C) Bottom shelf with the six odour sources (only for one of the chambers are all connecting tubes
drawn). (D) Detailed depiction of the various parts and connections; ai, air inlet; osv, odour source vessel; vcf, volatile collection filter; ms,
metal screen; ccc, central choice chamber; itb, insect trapping bulb; irp, insect release point; pg, pressure gauge; ao, air outlet. The corrugated
tubes are made of Teflon and the exhaust tubes of Tygon (drawing by Dr Thomas Degen).

shelf (Fig.1). Holes in the top two shelves allowed for
the connection between the different levels via Teflon and
glass tubing. The bottom shelf (10cm from the floor) held
the odour sources. A middle shelf (83cm from the floor)
served as a release point for the insects, whereas the top
shelf (123 cm from the floor) carried the olfactometer itself.
One of the main advantages of the separation of the differ-
ent parts of the olfactometer is that each of them can be
subjected to different light conditions. Moreover, the test
insects have no visual contact with the odour sources. This
separation was found to be practical and optimized the
use of space. Almost all glass parts were custom made by
Uni-Glas (Zurich, Switzerland) and VQT (Neuchitel,
Switzerland).

The air delivery

A central inhouse compressor supplied the air. Starting at
the laboratory valve, air was first passed through two 16-cm
long 1/2" @ (external diameter) stainless steel tubes filled
with 20-60 mesh activated charcoal (Sigma, St Louis, MO)
for purification. The air then passed through a 1/4" @
copper tube into a 1-L water bubbler that was half filled
with deionized water. The pure and humid air was then
pushed into a manifold with six flowmeters (Aalborg,
Orangenburg, NY). In all experiments, the flow rate
through each flowmeter was set at 1.2 L/min. The exit of
each flowmeter was connected to a 13-cm long, 6-mm @&
glass tube filled with activated charcoal, held in place by
two 325 mesh stainless steel screens (Small Parts Inc.,
Miami Lakes, Florida). These tubes served to filter out

any remaining impurities. The glass tubes were connected
to 1/4" @ corrugated Teflon tubes (Cole-Parmer, Vernon
Hills, Illinois) of sufficient (variable) length to reach one of
the six odour source vessels.

The odour source vessels

The vertically-placed cylindrical odour source vessels
(Fig.1) were designed to hold small living plants and con-
sisted of three parts. The bottom part was an 11-cm high
5-cm internal diameter (i.d.) glass pot with a 50-55-mm
male ground glass joint. This pot fitted the female ground
glass joint of the 28.5-cm long, 6-cm i.d. central part of the
vessel. Just above the female fitting, a horizontally
connected glass port with a screw cap fitting (GL14)
allowed for the connection to one of the Teflon air supply
tubes through a rubber Teflon-coated 6-mm i.d. ferrule.
The air was introduced via these tubes into each vessel, a
few cm above the glass pot. Two identical glass ports were
positioned at the other (top) end of the central part one
perpendicular (horizontal) to the vessel and one under an
angle pointing up. These ports served to hold trapping
filters for volatile collections (Fig.1D). Just above these
ports, the glass cylinder narrowed into a 22-25-mm ground
glass connector. A fitting with a glass male joint and a
screw-cap fitting (GL25) on the other end, formed the
connection for a 3/4" corrugated Teflon tube that transfers
the air from the odour source to one of the arms of the
olfactometer on the top shelf. For this purpose, holes were
drilled just above each vessel in the middle and top shelf.
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Six such vessels, all connected to one of the Teflon tubes
from the flowmeters, were placed in a 50-cm O circle at
equal distances from each other. For stability, the bottom
pots were placed in 4.5-cm high wooden blocks with a
fitting hole in the centre that were glued to a wooden base
(Fig. 1). They were illuminated with 10 neon tubes (five
Osram 18 W/21-810, alternated with five Sylvania Gro-
Lux F18W/GRO-T8) that were connected to the bottom
of the second shelf of the olfactometer. These lamps pro-
vided approximately 8300 lux at plant height.

The olfactometer tiers

As shown in Fig. 1, the odour sources were connected to
the olfactometer with corrugated Teflon tubing. The first
connecting part was a glass elbow with a GL25 screw-cap
fitting. This part ended in a 22-25-mm female ground glass
connector and also had a GL14 screw-cap fitting, which was
sealed during all experiments. The next glass part had a
22-25-mm male ground-glass connector and a similar
upward connection for the insect-trapping bulb (50 mL)
(Fig. 1D). A 325 mesh stainless metal screen (Small Parts
Inc., Miami Lakes, FL) was placed just after the horizontal
male connector and served to block the passage of insects
that had made a choice. The opposite part was attached to
one of the arms of the central choice chamber by another
GL25 screw-cap fitting. This central chamber consisted of
six 15-mm @ arms attached to a 6-cm i.d., 22-cm long
vertically placed cylinder into which the insects were
released. The top of the cylinder was closed just above
the arms and the rest was hanging through a hole in the
top shelf. The base of the chamber was connected via a
50-55-mm ground-glass joint to a shorter cylinder with
a glass frit into which a 15-mm @ insect release vial was
sealed (Fig. 1D). The bottom of this cylinder tapered off
into a 6-mm tube connector and a similar connector was
attached to the side. The first was connected with a
Tygon tube to the vacuum pump via another flowmeter,
whereas the second connection was with a wash bottle
with water that served as a pressure gauge. Both were
used to balance the incoming and outgoing air
(6 x 600 mL/h).

To eliminate any visual distractions and to ensure uni-
form illumination, the olfactometer on the top tier was
surrounded by a 56-cm @, 25-cm-high white cardboard
cylinder (not shown in Fig.1). A second such cylinder
(23-cm @, 25-cm high) with holes cut out for the olfactometer
arms was placed just around the central choice chamber and
a milky white Plexiglas disk (28-cm @, 3-mm thick) was
placed on top of this cylinder. This disk was illuminated
with a 60 W light bulb placed 25cm above it. Because the
inner-cylinder was covered, the central choice chamber was
not visible to the experimenter, but the insect trapping bulbs
were positioned outside of this cylinder and could be readily
checked for the presence of insects by looking into the larger
cylinder.

Bioassays

Mated 2-3-day-old female (in one case male) wasps were
used and all test insects were naive in that they had never
encountered a host or plant as an adult. In most cases, the
wasps were released in groups of six (exceptions are speci-
fied below). They were removed from their cage with an
aspirator and directly placed in the vial attached to a glass
frit at the bottom of the central choice chamber (the insect
release point in Fig. 1D). The great majority of the wasps
walked up, attracted by the light above the chamber. If
attractive odours were present, most of the wasps would
walk into an arm with such an odour until their path was
blocked by the stainless steel screen. Eventually, they
walked up in the direction of the light source into the insect
trapping bulb (Fig. 1D), where they could easily be counted
and removed. All insects were given 30min to make a
choice, after which they all were removed and a new
group was released. Three groups of six wasps were tested
on a given day. Statistical comparisons among choices are
described in the results section.

On a given day, all wasps were tested with the same odour
sources, which remained in the same position. This was
performed because preliminary results had shown that the
arms remained attractive after removal of attractive sources
due to adsorption of volatiles to glass and Teflon surfaces.
For this reason, all glass and Teflon parts were carefully
cleaned at the end of an experiment (day), first with water
and then by rinsing with acetone and pentane. After the
solvents had evaporated, the glass parts were placed over-
night in an oven at 250°C.

Odour sources

In almost all cases, 8-9-day-old maize plants (var.
Delprim) served as odour sources. They were individually
grown from seed placed in plastic pots (6-cm high, 8-cm
diameter) in fertilized commercial soil (Coop, Switzerland).
The pots were placed in a climate chamber (23°C, 60%
RH, and LD 16:8h, 500001ux) and, the day before an
experiment, the plants were transplanted into a glass pot
with a ground-glass male connector that could be inserted
into an odour source vessel. Plants were induced to emit
volatiles by either placing a certain number of second-
instar Spodoptera littoralis larvae on them on the evening
before an experimental day, by scratching two leaves
(2-em?) and applying 10uL S. littoralis regurgitant to
the damaged sites (also on the evening before). In an
experiment to test for intraspecific interference, female
parasitoids were used as potential odour sources, as
detailed below.

Odour trapping

Volatiles emitted by the various odour sources in the
above-described vessels were trapped in a similar manner
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to lings etal. (1998). Trapping filters consisted of 7-cm
glass tubes in which 25mg of 80-100 mesh Super Q
adsorbent (Altech, Deerfield, Illinois) was placed and
kept in place by two fine mesh metal screens, as described
by Heath & Manukian (1992). In all experiments, one
filter was attached to the horizontal port at the top of
each odour source vessel (Fig. 1D). The other ports were
sealed with a Teflon-coated septum in the screw cap. A
6-mm i.d. Tygon tube was connected to each collection
trap. These tubes were attached to a second manifold with
six flowmeters (Aalborg Instruments & Controls Inc.,
Monsey, New York). Air was pulled through each tube
at a rate of 0.6L/min (half of the incoming flow) via
additional Tygon tubing connecting the flowmeters to a
vacuum pump (model ME2, Vacuubrand, Germany). The
vacuum was turned on 1 min after the air was first pushed
into the system.

Before each experiment, the traps were rinsed five times
with 200 pL methylene chloride. Collections always lasted
3 h. The first olfactometer tests started 30 min after a collec-
tion began. After each collection, the traps were removed,
extracted and analysed as described below.

Chemical analysis

During all experiments 50% of the air passing over the
odour sources was pulled through a trapping filter for 3h
(see above). Immediately after each experiment, the vola-
tiles collected on these filters were extracted with 150 puL of
methylene chloride and two internal standards (n-octane
and nonyl acetate, each 200 ng in 10 pL methylene chloride)
were added to these samples. The samples were either ana-
lysed immediately or stored at —70°C before analysis. For
the analysis of each sample, an aliquot of 3 uL was injected
on column with the use of an automated injection system
onto an apolar HP-1 capillary column (30 m, 0.25-mm i.d.,
0.25um film thickness). The column was housed in a
Hewlett Packard model HP 6890 gas chromatograph equipped
with a flame ionization detector. The oven was held at 50 °C
for 3min and then programmed at 8°C/min to 230°C,
where it was maintained for 9.5 min. The column was pre-
ceded by a deactivated retention gap (10m, 0.25-mm i.d.,
Connex) and a deactivated precolumn (30-cm, 0.53-mm i.d.,
Connex). Helium (24 cm/s) was used as carrier gas. HP GC
Chemstation software was used to quantify all major com-
ponents based on the known quantity of internal standards.
Initial identification of most compounds was based on
comparisons of retention times from previous studies
(Bernasconi etal., 1998; Turlings etal., 1998). Identities
were confirmed with the mass spectrometry analysis of
some samples, using the same column and temperature
programme (Agilent 5973, transfer line 230°C, source
230°C, quadrupole 150°C, ionization potential 70eV,
scan range 0-400 amu). Total quantities of volatiles were
calculated based on their peak areas compared to those of
the internal standards.
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Statistical analysis

Except for the first experiment, the results for each test
day were used as a replication (a minimum of six replicates).
An initial experiment designed to test for a directional bias
of the wasps found none but, nonetheless, bias was tested in
each subsequent experiment; none was found. Only those
insects that made a choice were included in the analyses of
the results; these represented over 75% of the wasps in
experiments where an attraction to an odour source was
expected. Thus the responses consist of counts (n1, ..., 1),
where n; denotes the number of wasps observed to choose
arm i. Simple data analyses would suppose that the counts
(ny, ..., ng) for a single replicate follow a multinomial dis-
tribution with probabilities (P, .. ., Ps) and denominator m
the total number of wasps making a choice; here P; repre-
sents the probability that an individual wasp chooses arm i.
Such a model accounts automatically for the dependence
between the numbers of wasps choosing the different arms.
Its underlying assumptions are that individual wasps act
entirely independently of one another and that the P; are
constant across all replicates with the same experimental
conditions. If these assumptions are true, it is possible to
model how the probabilities P,..., Ps depend on the
experimental treatments. For example, in the dose-response
experiments, a log-linear form log P;=by+ b, x;— ¢ was
used, whereby the log probability of choice of arm i is
taken to depend linearly on a covariate x;, which measures
the relative attractiveness of the dose for that arm; Model 1.
The constant ¢ ensures that Py + ...+ Pgs=1; it depends on
the unknown parameters by and b;, which must be esti-
mated from the data. The strength of the attraction is
measured by by; if this is close to zero, then the attraction
is weak, whereas a large positive value indicates strong
attraction. If such a model is supported by the data, a test
of attraction may be based on the estimate of ;. Log-linear
models such as this are widely used in applied science and
their statistical properties are well-understood (Bishop ef al.
1975; Dobson, 1989; Davison, 2003). They are readily
adapted to more complex experimental setups. The inter-
specific interference experiments described below use a
2 x 2 factorial design, for example, with arms 1, 3, 5 given
no treatment, and the other three treated with plant odour
(e.g. arm 2), 10 female insects (e.g. arm 4) and both plant
odour and 10 female insects (e.g. arm 6). The corresponding
log-linear model (Model II) sets log Py=log P;=log
Ps=—c, log Py,=g,—c, log Ps=g,—c, and log
Ps=g,+g>+g3— ¢, where ¢ ensures that the total prob-
ability is one, g, represents the relative attraction of plant
odour, g, the relative attractiveness of female wasps, and g3
is an interaction between these. Significantly positive esti-
mates of g; or g, would indicate significant attraction of the
corresponding treatments for the wasps, and the sizes of
these estimates measure the relative strength of attraction.
Such models can be fitted by maximum likelihood estima-
tion in software packages such as R (http://stat.ethz.ch/
CRAN/), and their relative adequacy can be assessed
through likelihood ratio statistics and examination of
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Wasps released in groups of 6

Wasps released one at a time

Fig.2. Results for the experiments with no (A and C) or a single (B and D) odour source. Each drawing represents a single replicate during
which 18 female wasps were released. The wasps were released either singly or in groups of six. Each replicate was tested separately for
differences in the number of choices among the arms. Arms with an asterisk were chosen significantly more often than the other five arms.

residuals. More details for the data are provided in the
results section.

A complication for the use of both standard tests and
modelling is overdispersion, the statistical term for situ-
ations in which data vary by more than would be expected
under a theoretical model such as the multinomial. This
often arises in applications because the assumptions that
underlie simple statistical models are rarely entirely valid.
Overdispersion is present in the data, perhaps owing to the
slight variation in experimental conditions between and
within replicates. Fortunately, its effects are well studied
and there are standard techniques for assessing the degree
of overdispersion and obtaining reliable inferences from
overdispersed data (Firth, 1991; McCullagh & Nelder,
1989; Davison, 2003). Modified G-statistics were used for
comparison of log-linear models fitted to overdispersed
data, and modified standard errors for parameter estimates.

Results
Blank tests and single choice experiments

In a first experiment, the responses of naive Cotesia mar-
giniventris females were tested with no odour sources placed
in any of the chambers. This experiment was conducted to
test for directional biases of the insects and to determine if
the wasps would enter the arms in the absence of an odour.
Female wasps (2-4days old) were released either individ-
ually or in groups of six and left in the olfactometer for
30 min or until they had made a choice. In both cases, the
majority of the wasps remained in the central chamber of

the olfactometer. The few wasps that did make a choice
showed no significant preference for any of the arms
(Figs2A,C) (P>0.05 in both cases). There was evidence
of different behaviour in the three different replicates of the
experiment (P < 0.01 in both cases), though this is based on
the small numbers of wasps that made choices. However,
such variation between replicates performed under suppo-
sedly identical conditions may account for the overdisper-
sion mentioned in the section on statistical treatment of the
data, and for which allowance is made below.

In a subsequent experiment, a mechanically damaged
maize plant treated with regurgitant (see above) served as
an odour source in one of the vessels. All other odour
source vessels were empty. Again, wasps were either
released individually or in groups of six. The position of
the plant was different for each of the three replicates
(Figs 2B,D). Of the 18 females that were released per repli-
cate, the great majority chose the arm with the maize odour
(Figs2B,D). These arms were chosen significantly more
often than arms with no odour (P < 0.001 in both cases).

Collected odour emissions

During all assays, the volatiles were trapped by pulling
50% of the airflow through a filter that was attached to
the top of each odour source vessel. Figure3 shows two
typical chromatograms; one of volatiles collected from an
empty vessel and one of volatiles collected from a maize
plant treated with caterpillar regurgitant. The blank col-
lection reveals very small amounts of a few impurities in
the system, whereas the collection of the plant odour

© 2004 The Royal Entomological Society, Physiological Entomology, 29, 45-55

26



100

empty vessel

z

o

3 507

c

kel 1S1 1S2

©

e l. . .

© 100

% vessel with treated maize 12

2 5 1

Qo

(7]

o

5 5] 4

= 11 J 6 182 910
)12 3 L 78 | [l 1314
5 10 15 20

Retention time (min)

Fig.3. Typical chromatograms of collected volatiles from either an
empty odour source vessel (blank) or a maize plant that was treated
with the regurgitant of Spodoptera larvae (treated plant). The
labelled peaks represent: (1) (E)-2-hexenal; (2) (Z)-3-hexenol; (3)
B-myrcene; (4) (Z)-3-hexen-1-yl acetate; (5) linalool; (6) (3E)-4,8-
dimethyl-1,3,7-nonatriene; (7) phenethyl acetate; (8) indole; (9)
geranyl acetate; (10) B-caryophyllene; (11) (E)-a-bergamotene; (12)
E-B-farnesene; (13) unknown sesquiterpene; and (14) (3E, TE)-
4,8,12-trimethyl-1,3,7,11-tridecatetraene.

demonstrates that all typical induced maize volatiles
(Turlings etal., 1998) were emitted and readily collected

(Fig. 3).

Intraspecific interference

To test the possibility that the wasps affect each other’s
choices by either attracting or repelling one another, two
experiments were conducted with females already present in
one or two of the arms. In the first experiment, 10 females
were placed in one of the arms for 1 h when plugs of cotton
were used to prevent them from either walking up into the
trapping bulb or out of the arm into the choice chamber. By
this method, any odour emitted by the females could adsorb
onto the glass in the arm. After 1 h, the cotton plugs were
removed and the normal experimental airflows were passed
through all arms. The wasps were left in the arm and were
given 30 min to settle in the trapping bulb before starting
the actual assays. The five other arms were left empty.

On each test day, three groups of six females and three
groups of six males were released in the choice chamber and
their choices were recorded. This was repeated for 6days,
each time with the 10 females in a different arm. Most
females did not enter an arm and those that did distributed
themselves evenly over all six arms (Fig.4A). On the other
hand, the males entered the arm with females significantly
more than the control arms (Fig. 4B) (P < 0.001).

In the second experiment, three odours were introduced
that were alternated with arms with clean air only. For two
of the odours, two treated maize plants were placed in
the bottom vessel. In one case, this was combined with 10
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arms were summed and divided by 5. (A) Choices made by females.
(B) Choices made by males.

females that were placed in the arm as described above.
Again, after 1h, the cotton plugs that kept them from
moving out were removed and the normal experimental
airflows were passed through all arms. The third odour
arm received 10 females in the same way, but did not have
the plant odour.

Again on each test day, three groups of six females were
released in the choice chamber and their choices were
recorded. This time no males were tested. This was repeated
for 6days, with the different odour being introduced
through different arms. The great majority of females
chose arms with plant odour and did not distinguish
between arms that already contained other wasps and
those that did not (Fig. 5). A fit of Model II to these data
by maximum likelihood estimation with allowance for over-
dispersion led to estimates (standard errors) for g; (attrac-
tion of plant), g, (attraction of females) and g3 (interaction
between plant and females) of 3.05 (0.58), —8.20 (34.7) and
8.10 (34.7), with respective two-sided significance levels
of 1073, 0.8 and 0.8; without allowance for overdispersion
the significance level for g; would have been 10~'2 thus
showing how failure to account for overdispersion might
give misleading conclusions. This confirms the visual
impression from Fig. 5. The attraction of plants was highly
significant and the presence of other females did not affect
this attraction.
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control arms were summed and divided by 3.

Dose—response tests

Two dose-response tests were conducted to test if the
olfactometer was suited to measure relative attractiveness
of multiple odours. In a first experiment, three arms with
only clean air were alternated with arms with the odour of
either one, two or three maize plants that were damaged
and treated with regurgitant as described above. Three
times, six naive wasps were released per replicate (six repli-
cates) and their choices were determined 30min after
release. For each replicate, the odour sources were placed
in a different position, but always with one empty chamber
between two chambers that contained at least one plant.
The wasps responded in a dose-related manner (Fig. 6A),
with most of the wasps choosing the arm with three plants.
The analyses of the volatiles that were collected during the
bioassays confirmed that the total amount emitted was
positively correlated with the number of plants per odour
sources, although fits of Model I showed that the numbers
of wasps choosing an arm was more highly correlated with
the number of plants than with the amount emitted (sig-
nificance levels of 0.00005 and 0.004, respectively). There is
very strong evidence that the number of wasps choosing an
arm increases both with the number of plants and the
volatiles emitted.

For the second dose-response experiment, two maize
plants were placed in each of the six chambers, but they
received different numbers (0, 2, 4, 8, 16 or 32) of second-
instar Spodoptera littoralis larvae. The larvae were placed
on the plants at 17.00 h the day before the assays. The next
morning, three groups of six naive female wasps were
released in the olfactometer. Again, the choices for the
arms were dose-related, with the majority ending up in the
arm that carried the odour of plants damaged by 32 larvae
(Fig. 6B). The more larvae that were on the two plants, the
more odour was emitted (Fig. 6B). To obtain a numerical
measure of the strength of the attraction of the odour from
damaged plants, Model I was fitted, with x; taken as the
base 10 logarithm of total amount of collected volatiles (in ng),
rescaled so that the lowest value of x; for each experiment was
zero; thus x; represents the relative strength of the odour for
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Fig. 6. Dose-response tests. The pie charts show the percentage of
wasps that entered an arm. The bars indicate the choices made for
the different arms, whereas black diamond symbols indicate the
total amounts of volatiles emitted by an odour source. (A) Arms
with one, two or three induced maize plants were alternated with
empty arms. Choices for the three empty arms were summed and
divided by 3. (B) Odour sources were two maize plants with 0, 2, 4,
8, 16 or 32 Spodoptera larvae.

each experiment. The fit gave an estimate (standard error) for
by of 1.27 (0.29), with a significance level of around 0.0001.
This shows a strong correlation between odour intensity and
attraction. The results of both experiments show that the
wasps are able to distinguish among odours in the olfacto-
meter and that they make their choices accordingly.

Discussion

Females of the larval endoparasitoid Cotesia marginiventris
respond exceptionally well in the six-arm olfactometer. In
previous olfactometric studies, female wasps required con-
ditioning with an oviposition experience in the presence of a
particular odour source in order for them to respond to
odours in a four-arm olfactometer or a flight tunnel
(Turlings etal., 1989, 1991a). Here, a great majority of
unconditioned (naive) females make a choice for an arm if
the odour introduced through that arm is from a treated
maize plant. If no such odour is offered, most females
remain in the central release chamber during the 30-min
test period (Fig.2). Similar results are being obtained with
several other parasitoid species.
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The results confirm previous findings that C. marginiven-
tris is attracted to herbivore-damaged maize plants
(Turlings etal., 1990; Turlings etal., 1995). This is also
clearly the case for naive insects that have not had contact
with a host and never experienced the odour of the plant
before. Nearly 90% of the females choose an arm with the
odour of a treated plant when it is offered next to five arms
that did not carry an odour (Fig. 2).

Experimental design and interpretation of the results

Ramirez et al. (2000) expressed various concerns about
the design of published olfactometer and wind tunnel stud-
ies. Pseudo-replication and a lack of independence are very
common flaws of many studies. The design of the current
experiments varies because of differences in the purpose of
each test. In the first series of experiments, the principal
goal was to determine whether the olfactometer can be used
to test the attractiveness of an odour. For this reason,
a single odour source (damaged maize plants treated with
caterpillar regurgitant) is used that is known to be attractive
to the wasps (Turlings eral., 1990). Given that a great
majority of the females enter the arm carrying the odour
of the plant (Fig.2), the olfactometer is suited to test the
attractiveness of individual odours. By placing the plant in a
different chamber for different replicates, the possibility
that the results are due to a positional effect is ruled out.
This is also confirmed with the experiments in which none
of the chambers contain a plant; most females stay in the
central chamber and those that do walk into an arm do not
show a significant preference for a particular arm.

This olfactometer was specifically designed for ‘high-
throughput’ studies, whereby insects are released in groups.
Therefore, a second objective of the first experiments was to
test if groups of females can be released at the same time
without influencing each other’s choices. This is clearly the
case because the results for single releases are almost iden-
tical to those for group releases (Fig. 2). It is also shown that
females are not attracted or repelled by each other (Fig. 4)
and C. marginiventris females released in groups can be
assumed to make independent choices. This should be
determined anew for each insect species that is tested in
the olfactometer. Interestingly, male C. marginiventris are
attracted to arms with females, probably due to the pre-
sence of a sex pheromone.

The aim of the dose-response experiments was to deter-
mine if the olfactometer can be used to test the relative
attractiveness of simultaneously offered odours. For such
experiments, an appropriate replication is of the utmost
importance. The unit of replication in the first place is the
odour source and, in the second place, the insect. Ideally,
each insect is exposed to a new combination of odours. This
is entirely impractical, but to avoid false conclusions due to
pseudo-replication, the experiments need to be replicated
sufficiently with an entirely new set of odour sources. Here,
each experiment with multiple odour sources is replicated
six times and the position of the odour sources is rand-
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omized (for the experiment with different number of larvae)
or covers all possible positions of the odours (for the experi-
ment with different numbers of plants).

The results for the dose-response tests (Fig. 5) illustrate
that the insects make clear choices. Arms carrying the odour
of just one treated plant are chosen less often than arms
with two or three plants. Similarly, the wasps respond in a
dose-related manner to plants that are fed upon by different
numbers of Spodoptera littoralis larvae, with the highest
number of wasps choosing the plants with the most (32)
larvae. In both dose-response tests, the amount of volatiles
collected during the bioassays corresponds with the prefer-
ences the females exhibited.

Statistics

The choice of appropriate statistics for the evaluation of
the results of olfactometer studies is not always straight-
forward. In cases where there are only two choices, several
simple tests are available but, for multiple choices, various
tests have been employed. Standard analysis of variance is
not appropriate because the responses are categorical rather
than numerical measures. Standard log-linear models for
categorical data can be employed, but it is important to
adjust their output to account for the overdispersion com-
monly present with such data. Failure to make such adjust-
ment could result in erroneously small P-values and
standard errors, resulting in statements that certain effects
are present, when in fact the data do not justify them. If
present, overdispersion also invalidates standard approaches
such as the use of tests of homogeneity based on G-statistics
(Scherrer, 1984; Sokal & Rohlf, 1995).

Advantages and disadvantages

With the use of this six-arm olfactometer, multiple
odours can be tested at the same time and insects can be
released in groups, which constitutes a major advantage,
saving experimental and rearing time. Moreover, when only
one or few odours are tested, the six-arm olfactometer
offers more statistical power than other olfactometric
devices with fewer choices. This power of statistics stems
from the fact that the likelihood of an insect selecting an
arm with the test odour by chance is much smaller than in a
two-choice situation.

Another important advantage is the simultaneous
trapping of volatiles during the behavioural assays. The
subsequent analysis of the volatiles allows for a direct
comparison of the assay results with the actual quantity
and quality of the odour that the insects responds to.
Variation in odour emissions among similar treatment can
therefore be accounted for. The volatile collections contain
surprisingly few impurities despite the fact that the plants
are standing in regular potting soil. All major induced maize
volatiles (Turlings ez al., 1998) are readily detected in the
analyses.
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The separation of odour sources and insects by using
different shelves ensures that the insects have no visual
cues to orientate by. Moreover, it is possible to use different
illumination for insects and plants. A central moderate light
source above the olfactometer is used to initially attract the
wasps up into the choice chamber, whereas the plants that
serve as an odour source are exposed to considerably more
light to ensure good odour emissions. The release of
induced odour by maize plants requires light and increases
with increased light intensity (Gouinguene & Turlings,
2002).

Disadvantages of this device are the relatively high costs
for construction and the vulnerability of its many glass
parts to damage. Most inconvenient is the need to clean
the entire device between each replicate. Preliminary tests
had shown that adsorption of the attractive odours on glass
and/or Teflon parts rendered arms attractive even after an
odour source is removed. This is the reason why the odour
sources are only tested in one particular position on a given
day. Despite these disadvantages, the six-arm olfactometer
is highly efficient and practical, and promises to be a useful
tool for many types of olfactometric studies.
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Chapter 2

The role of chemical signals in mate finding by the parasitoids

Cotesia marginiventris and Microplitis rufiventris

Based on: Cristina Tamo and Ted C. J. Turlings The role of chemical signals in mate
finding by the parasitoids Cotesia marginiventris and Microplitis rufiventris. In preparation
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Abstract

Using a six-arm olfactometer, we first investigated the chemical-mediated long-range
attraction between males and females of the two parasitoids Cotesia marginiventris and
Microplitis rufiventris. Males of both species were attracted to the odor of their
conspecific females, but males were not attracted to other males, and females were not
attracted to either sex. In a second series of experiments, we found that, unlike females,
the male parasitoids were not attracted to volatiles emitted by plants under attack by
caterpillar hosts, also not after experiencing the odor during mating. Hence, males of
both species respond to female-produced pheromones, but they do not seem to make
use of plant volatiles for mate finding and do not use learning as a means to associate

potential mates with an experienced odor.

Introduction

Males of various different parasitoids species are attracted to females from a
certain distance because of female-produced volatile sex pheromones (Lewis et al.,
1971; Vinson, 1972; Mohamed and Coppel, 1987; Field and Keller, 1993; Reed et al.,
1994; McNeil and Brodeur, 1995; Fauvergue et al., 1999; Rungrojwanich and Walter,
2000; Sullivan, 2002;), for reviews see Eller et al. (1984) and Fauvergue et al. (1999).
However, the isolation and identification of sex-pheromones in parasitoids has been
reported for only few species (Robacker and Hendry, 1977; Eller et al., 1984; Kainoh et
al., 1991; Swedenborg et al., 1994; DelLury et al., 1999). Even fewer studies have
investigated the possible attraction of female parasitoids to conspecifics of either sex, or
the attraction of males to conspecific males. One such study was carried out by Kimani
and Overholt (1995). Using a Y-tube olfactometer they found that both males and
females of Cotesia flavipes perceived and responded to odors emitted by the opposite

sex. In another study, where both sexes were tested, males of the egg-parasitoid
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Ascogaster quadridentata were found to be attracted to the extracts of females in a Y-
tube olfactometer, but not to the extract of males, whereas females where not attracted
to the extracts of males (De Lury et al., 1999). For the larval parasitoid Macrocentris
grandii it has been found that males are attracted to the odors extracts of both males
and females, but females do not respond to either extract (Swedenborg and Jones,
1992). In some other parasitoid species males form swarms that are attractive to

females (van den Assem, 1986).

For some herbivorous insect species it is known that they may use plant volatiles
in addition to sex pheromones as mate finding cues e.g. (Landolt et al., 1994; Landolt
and Phillips, 1997; Reinecke et al., 2005). For parasitoids and other natural enemies of
herbivores the role of plant odors in mating finding has rarely been studied, while an
increasing number of studies report on the key role of plant volatiles in host finding by
female parasitoids (Whitman, 1988; Vet and Dicke, 1992; Turlings and Benrey, 1998;
Turlings and Wackers, 2004). In behavioral studies males usually do not respond to
plant cues (Eller et al., 1988; Messing and Jang, 1992; Udayagiri and Jones, 1992;
Jones, 1996; Pettersson et al., 2000; Pettersson, 2001). However, measurements of the
olfactory sensitivity with electroantennogram technique (EAG) show that male and
female antennae are equally sensitive to typical plant volatiles (Lecomte and Pouzat,
1985; Ramachandran and Norris, 1991; Salom et al., 1991; Li et al., 1992; Ochieng et
al., 2000; Pettersson et al., 2000; Park et al., 2001). Hence, males and females carry
similar chemoreceptors and males can be expected to respond to plant odors under
certain circumstances, perhaps in combination with other cues to locate mates. Some
studies provide evidence for such a role for plant volatiles. Cotesia plutella males are
attracted to host-damaged cabbage plants, suggesting that males of this species make

use of plant volatiles to find females (Kawaguchi and Tanaka, 1999). It has also been
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reported that males of the ichneumonid parasitoid Campoletis sonorensis have a higher
likelihood of successful mate finding in the presence of cotton plants (McAuslane et al.,
1990), possibly a consequence of responses to cotton odors. It remains unclear,
however, how common it is that male parasitoids respond to plant odors and whether
they can learn to use these cues to find mate, in the same way females do to find host

(Turlings et al., 1993; Vet et al., 1995).

In the current study we tested the role of odors in mate finding by Cotesia
marginiventris (Cresson) (Hymenoptera: Braconidae) and Microplitis rufiventris (Kokujev)
(Hymenoptera: Braconidae), two solitary generalist larval braconid endoparasitoids that
attack a broad range of lepidopteran hosts, many of which are important crop pests.
Finding mates can be expected to be difficult for solitary parasitoids like C.
marginiventris and M. rufiventris, especially when they occur at low densities, because
mates may not be available at emergences sites. For these reasons, we expect that
such species have developed a communication system, which allows mates to find each
other over a certain distance. Therefore, using a six-arm olfactometer, we first carried
out a series of experiments to test the attraction of males and females of these two
species to conspecifics of the opposite or same sex.

In a second series of experiments we investigate if male C. marginiventris and M.
rufiventris are attracted to host-induced plant odors. Naive females of both species are in
fact known to make use of the volatiles produced by plants under herbivore attack to
locate their hosts (Turlings et al., 1990; Turlings et al., 2004; Turlings and Wackers,
2004). Furthermore, C. marginiventris female can learn to respond to such odors by
association; they show increased attraction to induced plant odors after they perceive
them during contact with host feces or during oviposition in a host (Turlings et al., 1989;

Turlings et al., 1993; Cormier et al.,, 1998; Tamo et al., 2006). M. rufiventris females
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show a general increase in responsiveness to plant odor after such an experience, but
do not show a preference for the specific odor that they experience (Tamo et al., 2006).
To our knowledge there has been only one study (Baeder and King, 2004)
showing associative learning in male parasitoid. They found that male Nasonia
vitripennis, are attracted to certain colors after they learn to associate them with the
presence of virgin females. With this in mind, we decided to test if male C. marginiventris
and M. rufiventris are, similarly to their conspecific females, innately attracted to induced
plant odors, and if this attraction can eventually be stimulated and/or enhanced by a
contact with conspecific females parasitoids in presence of the concerned plant odors.
Our hypothesis was that, if males come in contact with females and perceive the plant
odors at the same time, they might associate these odors with the presence of potential

mates and subsequently be attracted to them.

Materials and methods
Insects

Cotesia marginiventris and Microplits rufiventris were reared on larvae of
Spodoptera littoralis (Lepidoptera: Noctuidae). The rearing colony of C. marginiventris
originated from the USDA-ARS, Biological Control and Mass Rearing Research Unit
(Mississippi, USA). The M. rufiventris colony was established using individuals collected
in 1999 and 2000 from parasitized S. littoralis larvae near Alexandria in Egypt. The

parasitoids were reared as described in Tamo et al. (2006)

Hosts

S. littoralis larvae were reared from eggs provided by Syngenta (Stein,

Switzerland). The eggs were kept in an incubator (25 °C and 16L:8D) and after
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emergence larvae were placed on artificial diet at room temperature until they were used

for parasitoid rearing or in the experiments.

Plants

Maize plants (Zea mays, var. Delprim) were reared in a climate chamber at 23°C,
60% r. h., 16D: 8L and 50’000 Im/m?. Two seeds were planted per pot (200ml) in
commercial soil (COOP, Switzerland). The day before an experiment, 8-9 day old plants
were transplanted in glass pots that fit the olfactometer (250 ml, 4.5 cm diameter, 11 cm

high).

Olfactometer experiments

Two experiments were carried out to investigate if the females and the males of
the two parasitoid species C. marginiventris and M. rufiventris were attracted to
conspecifics of either sex. With another experiment we investigated if the induced odors
emitted by maize plants under caterpillar attack were attractive to naive and experienced
males of both species. For a detailed description of the six-arm olfactomer used see

Turlings et al., (2004).

1. Attraction of females and males to conspecifics of either sex

To determine the attraction of adult males and females to adult males and females
of the same species we conducted the following experiments using the six-arm
olfactometer.

a) In the first experiment, 10 females of either C. marginiventris or M. rufiventris
were placed in one of the arms for 0.5h while plugs of cotton were used to prevent them
from either walking up into the trapping bulb or out of the arm into the choice chamber.

This way, any odor emitted by the females could accumulate and adsorb onto the glass
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in the arm. After 0.5h the cotton plugs were removed and the normal experimental
airflows were passed through all arms. The wasps were left in the arm and were given
another 0.5h to settle in the trapping bulb before starting the actual assays. The five
other arms were left empty.

On each test day 3 groups of six females and 3 groups of six males of the
correspondent species were released alternately in the choice chamber and their
choices were recorded after 30 min. This was repeated for 6 days for each species, each
time with new groups of 10 females in a different arm.

b) The second experiment was conducted exactly in the same way, but instead of
having the females in one of the arms of the olfactometer, the arm contained10 males.
Again on each test day 3 groups of six females and 3 groups of six males were released
alternately in the choice chamber and their choices were recorded. This was also

repeated on 6 different days, each time with the 10 males in a different arm.

2. Attraction of the males to the induced odors produced by maize plants under
caterpillar attack

A third experiment was carried out to investigate if the males of the two parasitoid
species were attracted to the odors produced by maize plants under caterpillar attack.
Two maize seedlings fed on by 15 S. littoralis larvae during one night served as an odor
source in one of the vessels. All other odor source vessels were left empty. On each test
day 3 groups of six naive males and 3 groups of six experienced males of the same
species were released alternately in the choice chamber and their choices were
recorded after 30 min. The experience was given by placing a male in a plastic container
(9.5 cm diam., 5 cm high) with 5 females of the same species and with two maize leaves
that had been fed on by twenty 2" instar S. littoralis larvae during one night. The males

were kept in the containers during 20 minutes, just before releasing them in the
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olfactometer. This experiment was repeated for 6 separate days for each parasitoid
species, each time with the odor of caterpillar-damaged maize plants introduced through
a different arms. During a bioassay the volatiles emitted by the maize plants were
trapped as described in Turlings et al. (2004). Before each experiment, the odor
collection traps were rinsed five times with 200 ul methylene chloride. Collections always
lasted 3.5h. The first olfactometer tests started 0.5h after a collection started. After each
collection, the traps were removed, extracted and analyzed as described in Turlings et

al. (2004).

For all experiments the two parasitoid species were tested on separate days in a
semi-random order (also dependent on wasp availability) and after an experimental day,
all parts of the olfactometer were water washed and rinsed with acetone and hexane.

The glass parts were then placed in a drying oven (250°C) overnight.

Statistical treatment of data
A log linear model assuming quasinormal distribution, thus allowing for
overdispersion of the wasps (Turlings et al., 2004), was used to test for differences in the

number of choices for the different arms of the olfactometer.

Results
la. Attractiveness of females (Figure 1)
C. marginiventris
When offered the odor of conspecific females, almost two thirds of the females did
not enter an arm and those that did, distributed themselves evenly over all six arms (P =

0.2). In contrast, the majority of the males choose an arm, and the arm containing the
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females was chosen far more than the empty arms this preference was highly significant
(P < 0.001).
M. rufiventris

Approximately half of the females choose one arm within the 30 min., but they did
not show a preference for a specific arm (P = 0.953). A great majority (85.2%) of the
males did not enter the arms, but those that did, showed a significant preference for the

arm containing the females compared to the empty arms (P < 0.01).

1b. Attractiveness of males (Figure 2)
C. marginiventris

Most females entered an arm (71%), but they were not more attracted to the arm
containing males than to the other arms (P = 0.437). Only about a third of the males
entered an arm and those that did, did not show any preference (P = 0.521).

M. rufiventris

Almost half of the females entered in one of the arms, but no preference was found
(P = 0.09). Approximately two thirds of the males did not choose an arm, and the ones
that did, did not show a preference (P = 0.272).

2. Attractiveness of the induced maize odors for males (Figure 3)

The analyses confirmed the release of the typical blend of induced maize volatiles
(Turlings et al.,2004). Despite the fact that the maize plant used for the experiment
produced considerable amounts of volatiles (between 2353 ng/3.5h and 8344 ng/3.5h),
neither naive C. marginiventris (P = 0.07) nor naive M. rufiventris (P = 0.951) males
showed a preferences for the arm carrying the maize odor. This was not changed after
the males had had the possibility to associate the presence of females with the odor of
host-damaged maize leaves (P = 0.182 and P = 0.834 respectively). Although not

significant, there was a tendency for C. marginiventris males to avoid the plant odor.
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Figure 1. Olfactometric responses of naive females and males of the parasitoids Cotesia
marginiventris and Microplitis rufiventris to the odours of females conspecific. The pie
chart shows the percentage of wasps that entered an arm. The bars represent the total
number of parasitoid attracted to the arm containing the conspecific females or of
parasitoids that went into one of the empty arms. Choices for the empty arms were
summed and divided by 5. Bars having no letters in common represent significantly

different response levels within each graph.
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Figure 2. Olfactometric responses of naive females and males of the parasitoids Cotesia
marginiventris and Microplitis rufiventris to odours of males conspecific. The pie chart
shows the percentage of wasps that entered an arm. The bars represent the total
number of parasitoid attracted to the arm containing the males conspecific or of
parasitoids that went into one of the empty arms. Choices for the empty arms were
summed and divided by 5. Bars having no letters in common represent significantly

different response levels within each graph.
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Figure 3. Olfactometric responses of Cotesia marginiventris and Microplitis rufiventris
males to odours of maize infested with Spodoptera littoralis. The pie charts show the
percentage of wasps that entered an arm. The bars indicate the choices made for the
different arms. Choices for the five empty arms were summed and divided by 5. Bars
having no letters in common represent significantly different response levels within each

graph.

Discussion

C. marginiventris males were found to be strongly attracted to their conspecific
females, but females were not attracted to males and females and males were not
attractive for conspecific of the same sex. The results for M. rufiventris were similar

except that the attraction of males to females was much less pronounced. The lack of a
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strong attraction of M. rufiventris males to conspecific females may be attributed to one
or more of the following factors: 1) M. rufiventris females may produce a sex-pheromone
only when they are virgin, as has been found by McNeil and Brodeur (1995) for the
aphid parasitoid, Aphidius nigripes. However, in other species, like for example Cotesia
flavipes (De Freitas et al., 2004) and Ascogaster quadridentata (DeLury et al., 1999)
mated females were found to be just as attractive to conspecific males as virgin females;
2) M. rufiventris females could show a temporal pattern of sexual pheromone emission,
as it was demonstrated by Cormier et al. (1998) for the parasitoid species Anaphes
listronoti, or 3) females of M. rufiventris do not emit a long-range volatile sex pheromone,
but attraction occurs only at a short distance, with the use of less volatile compounds, as
is the case for the solitary parasitoid Aphelinus asychis (Fauvergue et al., 1995). The
fact that in the same olfactometer C. marginiventris males strongly responded to the
odor of females and that C. marginiventris and M. rufiventris females were found to be
very responsive to plant odors (Tamo et al., 2006) indicates that the olfactometer is well-
suited for these types studies and that a lack in response is unlikely to be due to
methodology.

We cannot yet conclude anything about the nature of the attractants that were
involved in the attraction of males to females. It could have been a volatile sex
pheromone that was directly emitted by the females, but also in both cases it is possible
that the females had deposited less volatile substances during the 0.5 h that they walked
in the olfactometer arm before the start of the actual assays. Such substrate-born sex
pheromones have been found for Trichigramma brassicae, Ascogaster reticulates and
Aphelinus asychis (Kamano et al., 1989; Fauvergue et al., 1995; Pompanon et al.,
1997), where the males perceived the chemicals previously emitted and deposited by
virgin females on leaves and other substrates. That sex pheromones can strongly

adsorb to glass is evident from experiments done by Shu and Jones (1993) with the
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parasitoid Eriborus tenebrans and work on the parasitoid Trichogramma brassicae by
Pompanon et al. (1997).

Substrate borne sex pheromone have been found in several other Braconidae
species (Boush and Baerwald, 1967; Askari and Alishah, 1979; De Freitas et al., 2004).
Females of the Cotesia rubecula, for instance, produce a sex-pheromone in a
specialized abdominal gland (Field and Keller, 1994). Because of its close relatedness,
something similar may be expected for C. marginivetris. The lack of attractiveness for
conspecific of the same sex is a phenomenon that has also been already demonstrated

in a few species (Syvertsen et al., 1995; DeLury et al., 1999).

Males of both species showed absolutely no attraction to induced maize odors;
neither naive nor experienced males responded to the plant odors. Similar results have
been obtained in studies on some unrelated parasitoids. Although the antennae of both
males and females of the parasitoids Roptrocerus xylophygorum, R. tutela and R. mirus
respond in a very similar way to the odors of trees on which they can find their bark
beetle hosts when tested with the electroantennogram recording technique (EAG)
(Pettersson et al., 2000; Pettersson, 2001), only females and not males are attracted to
these odors. Also the males of the species Macrocentrus grandii, contrarily to their
conspecific females, are not attracted to corn volatiles or volatiles of other host plant
(Udayagiri and Jones, 1992; Jones, 1996). Finally, males of the parasitoid
Diachasmimorpha longicaudata are not attracted to the odors of the fruit that attracts
females (Messing and Jang, 1992). It appears that, unlike several herbivorous insects,
these parasitoids do not use plant odors as cues to locate mates, not even after
experiencing the odors during a successful encounter with females. For male wasps,
visual cues from plants may be more important than odor cues. For instance, McAuslane

et al. (1990) found that for the males of Campoletis sonorensis, both the olfactory and
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the visual cues played a role in oriented flights of the males toward cotton plants in a
wind tunnel. However, in their experiments, almost twice as many males located a
female on a visible plant, compared to the number of males that located a female in the
presence of only the volatiles cues produced by the plant.

Recently Baeder and King (2004) found the first evidence for associative learning
by male parasitoid wasps. Using males of the parasitoid species Nasonia vitripennis,
they showed that males develop a preference for a color after having learned to
associate it with a reward of virgin females. In the six-arm olfactometer the plants are not
visible to the parasitoids it remains therefore possible that plant-provided visual cues
play a role in mate finding, possibly in synergy with odors. Concluding, we can say that
for both C. marginiventris and M. rufiventris males plant odors alone do not to play a role

in mate finding.
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Abstract—Many parasitic wasps that exploit herbivores as their hosts make use of herbivore-
induced plant odours to locate their victims and these wasps often exhibit an ability to learn
to associate specific plant-produced odours with the presence of hosts. This associative learning
is expected to allow generalist parasitoids to focus on cues that are most reliably associated
with current host presence, but evidence supporting this hypothesis is ambiguous. Using a six-
arm olfactometer we compared the responses of three generalist larval endoparasitoids, Cotesia
marginiventris (Hymenoptera: Braconidae), Microplitis rufiventris (Hymenoptera: Braconidae) and
Campoletis sonorensis (Hymenoptera: Ichneumonidae), to the induced odours of three plant species:
maize (Zea mays), cowpea (Vigna unguiculata), and cotton (Gossypium hirsutum). We tested the
responses of naive females as well as of females that were first conditioned by parasitising host
larvae feeding on one of the plant species. Despite similarities in biology and host range the three
wasp species responded entirely differently. Naive C. marginiventris and C. sonorensis chose equally
among the induced odours of the three plants, whereas naive M. rufiventris, which may have a
somewhat more restricted host range, tended to prefer the odour of maize. After conditioning, most C.
marginiventris females chose the odour of the plant species that they had experienced, but conditioned
M. rufiventris showed an even stronger preference for maize odours, independently of the plant they
had experienced. Cotesia sonorensis did not show any change in its preference after conditioning. We
speculate that its extremely broad host range allows C. sonorensis females to use fixed responses to
cues commonly associated with plants damaged by Lepidoptera. These results imply that different
generalist parasitoids may employ different foraging strategies and that associative learning is not
necessarily part of it.

Keywords: associative learning; herbivore-induced plant odours; host finding; parasitoids.
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INTRODUCTION

Many parasitoids of herbivores use plant odours induced by insect feeding to locate
plants that may carry their hosts (Vet and Dicke, 1992; Turlings and Benrey, 1998).
Associative learning of the most reliable volatile cues may help the wasps to find
such plants more efficiently (Turlings et al., 1993; Vet et al., 1995). Parasitoids can
learn to associate a specific odour with a successful oviposition in a host or contact
with host faeces. This ability to learn is generally expected to be an adaptive strategy
for parasitoids that have a broad host range or which can find their hosts on multiple
plant species (Vet and Groenewold, 1990; Vet and Dicke, 1992; Vet, 1999; Steidle
and van Loon, 2003). Indeed, generalist parasitoids are often found to exhibit this
learning ability, whereas there is a tendency for parasitoids with a more restricted
host range (or a limited range of plants on which they find hosts) to show genetically
fixed responses to host location cues (Steidle and van Loon, 2003). The general
validity of the concept, however, is still unclear (Steidle and van Loon, 2003). More
insight may be obtained by comparing the effect of experience in multiple generalist
parasitoid species under similar conditions. This was the aim of the current study,
which compares the responses of naive and conditioned females of the three
generalist parasitoids Cotesia marginiventris Cresson (Hymenoptera: Braconidae),
Microplitis rufiventris Kok. (Hymenoptera: Braconidae) and Campoletis sonorensis
Cameron (Hymenoptera: Ichneumonidae) to host-induced plant odours.

Cotesia marginiventris and C. sonorensis have been extensively studied for their
abilities to make use of plant odours to locate their hosts and for their ability to learn
such odours. Dmoch et al. (1985) showed that a contact experience with host and/or
host by-products enhances the responses of C. marginiventris females to frass,
silk and feeding damage of one of its hosts, Spodoptera frugiperda (Lepidoptera:
Noctuidae), on maize leaves. For long-range host finding, C. marginiventris relies
primarily on volatiles emitted by plants after an attack by caterpillars (Turlings
et al., 1990; Turlings et al., 1991). The intensity with which they respond to the
plant-provided signals depends on previous experiences and they learn to prefer the
odours they encounter in the presence of hosts (Turlings et al., 1990; Hoballah and
Turlings, 2005).

Campoletis sonorensis is a solitary parasitoid that co-occurs with C. marginiven-
tris and shows a great overlap in the range of host species it attacks (Hoballah et al.,
2004). Studies on the flight behaviour of C. sonorensis have shown that it orients
to microhabitat cues without requiring a prior experience with host or microhabitat
stimuli (Elzen et al., 1986; Baehrecke et al., 1990). McAuslane et al. (1991) found
that C. sonorensis females that were given an oviposition experience in host larvae
on a particular plant were subsequently more responsive in flight tunnel assays than
naive females. However, such experiences with a host-plant complex did not change
the wasps’ innate preference for a particular plant odour, suggesting that C. sonoren-
sis does not learn to associate specific odours with host presence (McAuslane et al.,
1991).
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Studies on M. rufiventris have mostly focused on its physiology and development
(Altahtawy et al., 1976b; Hegazi et al., 1977; Tawfik et al., 1980; Hegazi and
Shabaan, 1984). From previous studies we know that naive females of M. rufiventris
are also highly attracted to induced maize odours (Hoballah and Turlings, 2005;
Tamo, 2006), but the effect of experience on this behaviour is unclear (Hoballah and
Turlings, 2005). The behaviour of some other Microplitis species has been studied
more extensively and indicates a keen ability of each species to learn to respond to
host cues by association (Drost et al., 1986; Hérard et al., 1988; Murray and Rynne,
1994). It is unlikely, however, that the recorded behaviour of a particular species
can be extrapolated to other species belonging to the same genus. Different Cotesia
species, for example, show clear differences in their responses to host cues (Potting
et al., 1997; Geervliet et al., 1998). Moreover, different Microplitis species have
distinctly different host ranges and are therefore likely to have evolved different
host searching strategies.

Cotesia marginiventris and C. sonorensis are native to the Americas and M.
rufiventris is mainly found in the Middle East, but these three parasitoid species have
much in common. They are generalist solitary larval endoparasitoids that attack
the early stages of a wide range of Noctuidae species on many different plants.
Campoletis sonorensis is an ichneumonid parasitoid with at least 27 species of
noctuid larvae recorded as hosts (Lingren et al., 1970). Cotesia marginiventris, a
braconid, also attacks a wide range of noctuid species, many in common with C.
sonorensis (Turlings, 1990). The host range of M. rufiventris, also a braconid, is
less well known and may be more restricted. It has been reported to oviposit and
successfully develop in young instars of various Spodoptera species and Heliothis
armigera on many different crop plants (El-Minshawy, 1963; Hammad et al., 1965;
Gerling, 1969; Abou Zeid et al., 1978).

Many of the hosts of the three parasitoids belong to the genus Spodoptera. Cotesia
marginiventris and C. sonorensis can attack S. frugiperda, S. exigua and S. eridania
(Lingren et al., 1970; Turlings, 1990), while M. rufiventris attacks S. littoralis, S.
litura, S. exempta, S. mauritia, S. latebrosa and S. exigua (Meier, 1929; Thompson,
1946; El-Minshawy, 1963; Hammad et al., 1965; Gerling, 1969; Altahtawy et al.,
1976a). Most Spodoptera species are polyphagous and attack many plant species
including important crops like alfalfa, cotton, cowpea, maize, tomato and soybean
(Brown and Dewhurst, 1975; Hodge et al., 1983). Hence, the three parasitoids
should be able to locate hosts on a multitude of plant species and can be expected
to show similarities in how they forage for hosts. A direct comparison between
these species may provide insight into how similar or how variable host searching
strategies are among generalist parasitoids.

With this objective, we tested responses of C. marginiventris, C. sonorensis and
M. rufiventris to the odours of three different host plants that are readily attacked
by Spodoptera larvae, and that can be encountered by the parasitoids in their native
habitats. The plant species of choice were maize (Zea mays, var. Delprim), cotton
(Gossypium herbaceum) and cowpea (Vigna unguiculata). The caterpillar-induced
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odours produced by these plants have already been analysed in various studies
(Turlings et al., 1991; McCall et al., 1994; Loughrin et al., 1995; Rose et al., 1996;
Paré and Tumlinson, 1997; Hoballah et al., 2002) and show distinct differences in
quality (composition) and quantity. The preference of naive females for the induced
volatiles of the three plants was compared with the preference of females that had an
oviposition experience on one of the plant-host-complexes. During the behavioural
assays part of the emitted odours were collected and subsequent analyses made
it possible to correlate the observed behavioural responses to the identities and
quantities of the volatiles that the wasps perceived in the olfactometer. Females of all
three species were found to be strongly attracted to the induced plant odours and as
naive wasps they showed no clear preferences, but their responses after experience
were distinctly different.

METHODS
Plants

Three host plants were used for the experiments: maize (Zea mays, var. Delprim),
cotton (Gossypium herbaceum) and cowpea (Vigna unguiculata). For each plant
species two seeds were planted per pot (200 ml) with fertilised commercial soil
(COOP, Switzerland) and placed in a climate chamber (E15 Conviron, Winnipeg,
Canada) set at 23°C, 16 D : 8 L, 60% relative humidity and 50 000 Im/m? light
intensity. Plants were watered daily. The day before an experiment, two plants of
each species were transplanted in glass pots that fit the olfactometer (250 ml, 4.5 cm
diam., 11 cm high). Maize and cowpea plants were 8-10 days old and cotton 13-
14 days old at day of testing. Plants were induced to emit volatiles by placing 15
2nd instar S. littoralis larvae on them on the evening before an experimental day.

Host larvae

Spodoptera littoralis eggs were supplied by the Syngenta rearing facilities (Stein,
Switzerland). After emergence the larvae were reared on a wheatgerm-based
artificial diet (also supplied by Syngenta) at room temperature. Spodoptera littoralis
larvae at the L2 stage, the preferred stage for female parasitoids of all three
species (Altahtawy et al., 1976b; Isenhour, 1985; Jalali et al., 1987), were used
in experiments.

Parasitoids

The rearing strain of C. marginiventris came from the USDA-ARS, Biological
Control and Mass Rearing Research Unit (Mississippi, USA) and was refreshed
with individuals collected in Mexico in 2001. The M. rufiventris colony was
established in 2000 from individuals collected from parasitised S. littoralis larvae
in fields in Egypt (Alexandria). The C. sonorensis colony was established in 2001
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from individuals collected from parasitised S. frugiperda larvae in maize fields in
Mexico (Poza Rica, Veracruz). All parasitoids were reared on Spodoptera littoralis
(Noctuidae: Lepidoptera). For the rearing, 25 S. littoralis caterpillars were offered to
two mated females (4-7 days old) for 3-4 h in a plastic container (9.5 cm diam., 5 cm
high). The parasitised caterpillars were then maintained in groups of 100 individuals
in transparent plastic boxes (15 x 13 x 5.5 cm) on the wheatgerm-based artificial
diet (supplied by Syngenta) until cocoon formation. Cocoons were kept in Petri
dishes until adult emergence. Upon emergence, adults were sexed and kept in cages
(30 x 30 x 30 cm) (MegaView Science Education Services Co. Ltd., Taiwan) at
a sex ratio of 1:2 (male: female). They were supplied with honey droplets as food
source and moist cotton. Parasitised larvae and adults of C. marginiventris were
held until the experimental day in an incubator (E36L Percival, Perry, lowa, USA)
at 25°C and 16 L : 8 D, whereas parasitised larvae and adults of M. rufiventris
and C. sonorensis were held in the laboratory under ambient light and temperature
conditions (19-24°C).

Olfactometer set-up

The responses of females of the three parasitoids species C. marginiventris, M.
rufiventris and C. sonorensis to volatile chemicals emitted by the three plant species
maize, cotton and cowpea were investigated in the six-arm olfactometer described
in Turlings et al. (2004). Three arms of the olfactometer had always only clean air
and they were alternated with arms with the odour of either two maize seedlings,
two cotton seedlings or two cowpea seedlings fed upon by 15 2nd instar S. littoralis
larvae. For each replicate the odour sources were connected to a different arm, but
always with one empty chamber between two chambers that contained two plants
of one species. After an experimental day, all parts of the olfactometer were water
washed and rinsed with acetone and hexane. The glass parts were then placed in a
drying oven (250°C) overnight.

Bioassay procedure

Parasitoid species were tested on separate days in a roughly random order, depend-
ing on availability of the wasps. On a given day, four groups of six wasps of one
species were released one after the other in random order and choices made within
each group were recorded 30 min after release. The four groups of wasps were the
following: i) naive females (no previous contact with hosts or plants); ii) females
experienced with maize; iii) females experienced with cotton; and iv) females expe-
rienced with cowpea. The experience was given by letting a female parasitise two
larvae in a plastic box (9.5 cm diam., 5 cm high) containing a leaf of one of the
three plant species, which had been fed upon by 15 2nd instar S. littoralis larvae
during one night. Within 20 min after six females had had such an experience, they
were released in the olfactometer. After their choices had been recorded, the six
wasps were removed just prior to the release of the next group. The sequence of
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the different groups of wasps released in the olfactometer was randomly changed
for each replicate day (n = 12). It should be noted that in previous experiments
we have tested for the possibility that individual females affect each other’s choice,
as described for C. marginiventris by Turlings et al. (2004). In none of the cases
did we find such an effect but, interestingly, there is an interspecies interference
(C. Tamo, 2006). Even though we feel that we can rule out overdispersion due to
interference between the wasps, our statistical analysis corrects for this possibility
(see below).

Statistical analyses of the olfactometer data were based on a log-linear model, but
in comparison with the method described by Turlings et al. (2004) the statistical
analysis was improved by using a stochastic model developed specifically to allow
for the significant overdispersion of the olfactometer data relative to that seen in a
standard log-linear model. The new model takes into account the censored aspect
of the data: some of the wasps did not make a choice within the given time for a
release. The number of wasps choosing the ith arm (i = 1, ..., 6) indicates the
relative attractiveness of the corresponding odour source, which is parameterised
by A;. If only the odour source affects wasp choice, and this effect is the same for
all wasp species and experiences, the corresponding model is:

logh = B (1)

where B, measures the attractiveness of either an empty arm or of the odour source
in the ith arm.

As the results for C. marginiventris suggested a preference for an experienced
odour, we adapted the model to assume that a wasp, which has already encountered
a plant may subsequently be more attracted to this plant (fig. 1A):

log )\e,p = ﬂp + VI (e =S 7’5 n) (2)

where I (e = s-n) = 1 if the odour previously experienced is the same as the odour
in the corresponding arm and I (e = s - n) = 0 otherwise; here e = experience, s =
odour source, and n = naive.

The parameter y describes the magnitude of this effect and will differ from zero
when previous experience of an odour influences the wasps’ attraction to this odour.
A significant difference between the fits of models (1) and (2) would indicate that
the wasps are indeed more attracted to an odour they previously experienced.

In order to assess whether experienced wasps will, independent from the odour
they experienced, always prefer maize, as seemed to be the case for M. rufiventris
(fig. 1B), we used the model:

loghep =fp+ ¥l (e#n,s=m) 3)

with m = maize odour.
A significant difference between models (1) and (3) would suggest that experi-
enced wasps always have a higher preference for maize than naive wasps. In all
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cases, we estimated the parameters by maximising the log-likelihood and compared
the different models through likelihood ratio tests.

Volatile collections

During all experiments 50% of the air passing over the odour sources was pulled
for 3 h through a trapping filter containing 25 mg of 80-100 mesh Super Q
adsorbent (Alltech, Deerfield, Illinois) as described by Turlings et al. (1998, 2004).
Immediately after each experiment, the volatiles collected on the filters were
extracted with 150 ul of methylene chloride and two internal standards (n-octane
and nonyl acetate, each 200 ng in 10 ul methylene chloride) were added to these
extracts. The samples were either analysed immediately or stored at —70°C for
later analysis. They were analysed by gas chromatography and mass spectrometry
as described by Turlings et al. (2004). The purpose of these collections and analyses
was to confirm the presence of the typical caterpillar-induced odours for each of the
three plant species during each of the experiments.

HP GC Chemstation software was used to quantify all major components by
comparison to the known quantity of internal standards. A Kruskal-Wallis ANOVA
on ranks and Tukey post-hoc test were used to compare the total quantities of
collected volatiles among the plant species.

RESULTS
Wasp behaviour

All naive and experienced parasitoid females showed a strong preference for the
arms containing the odour of infested plants as compared to the control arms (fig. 1).
Naive C. marginiventris females had no obvious preference for a particular plant
odour and chose equally among the three species (P = 0.1). After experience, the
majority of C. marginiventris females showed a significant preference for the odour
that they had experienced (P < 0.001; fig. 1A). In contrast, naive M. rufiventris
females tended to prefer the odour of S. litforalis-damaged maize plants and this
preference for maize was greatly enhanced after experience, independently of the
plant species used to train the females (P < 0.001; fig. 1B). C. sonorensis females,
whether naive or experienced, did not show a preference for a particular plant odour
produced by one of the three plant species attacked by S. littoralis larvae (P = 0.7;
fig. 1C).

A statistical comparison between the three species may be compromised by
the fact that they were tested on different days and to different individual plants.
However, as the order of the experiments was more or less random (depending on
wasp availability) and there were many replications (12 per experience type, each
with six wasps), a day or plant effect seems very unlikely. Moreover, the volatile
collections revealed that there was no difference in what the plants emitted when the
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experimental days were compared for the three wasps species (see below). Using
the log-linear model for comparison between the three species showed a highly
significant difference (P < 0.001) in the effect of experience on responses among
the three wasps.

Odour emissions

The analyses of the odours collected during the bioassays produced volatile profiles
(fig. 2A) that were very similar to those collected in previous studies (Turlings and
Wickers, 2004). The blends emitted by the three plants differed both in composition
and quantity, all of them releasing typical green leafy volatile, but different blends of
terpenoids and a few aromatic compounds (fig. 2A). The total quantity of produced
volatiles was approximately four times higher for maize than for cotton, and about
five times higher for cotton than for cowpea (fig. 2B) and these differences were
highly significant (Two-way ANOVA, F, 9 = 93.96; P < 0.001). Comparing
between the collections obtained from the experiments with the three wasps species
revealed no differences (Two-way ANOVA, F, g9 = 0.257; P = 0.774), implying
that they were exposed to similar odours. The quantitative differences between the
three plant species were not reflected in the wasps’ responses (compare figs 1, 2).

DISCUSSION

The ability of parasitoids to learn by association is well documented (Vet and Dicke,
1992; Turlings et al., 1993; Vet et al., 1995; Steidle and van Loon, 2003) and,
according to Steidle and van Loon (2003), is expected to occur mostly in parasitoids
with a broad host range. Our comparison of three taxonomically different, but
ecologically similar parasitoids shows that such a generality cannot be readily
made. Despite similarities in their biology and host range, C. marginiventris,
M. rufiventris, and C. sonorensis showed clear differences in how they exploit
volatiles that may guide them to their hosts. A recent study on the antennal
perception shows that all three perceive most of the volatiles that the plants emit
(Guouinguené et al., 2005), but obviously they use this information differently. The
three wasps had somewhat similar innate responses, but their odour preferences
were entirely different after experiencing a particular odour in association with
successful ovipositions.

Naive C. marginiventris and C. sonorensis chose equally among the induced
odours of the three plants, whereas naive M. rufiventris showed a slight preference
for maize and cotton odours. After experience, C. marginiventris always preferred
the odour of the plant species that they had experienced, very much in line with the
“varying response model” proposed by Vet et al. (1990). In contrast, experienced
M. rufiventris increased its preference for maize odour, independently of the plant
they had experienced, and C. sonorensis showed no change in its preference after
experience.
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Figure 2. A. Typical chromatographic profiles of the volatiles of the induced plants that were
collected during the bio-assays. The labelled peaks are: 1, (Z)-3-hexenal; 2, (E)-2-hexenal; 3, (Z)-
3-hexenol; 4, (Z)-3-hexenyl acetate; 5, linalool; 6, (E)-4,8-dimethyl-1,3,7-nonatriene; 7, indole; 8,
methyl anthranilate; 9, geranyl acetate; 10, (E)-B-caryophyllene; 11, (E)-a-bergamotene; 12,
(E)-B-farnesene; 13, (E,E)-a-farnesene; 14, nerolidol; 15, (E,E)-4,8,12-trimethyl-1,3,7,
11-tridecatetraene; 16, «-pinene; 17, B-pinene; 18, (E)-B-ocimene. Two internal standards, n-
octane and nonyl-acetate, are labelled with IS1 and IS2, respectively. B. The average total amounts
of volatiles collected for the three plant species for all experiments. The letters indicate significant
differences between the plants.

Thus, C. marginiventris showed a clear ability of associative learning, increasing
its responsiveness to the odour of the plant-host complex it experienced, as has been
observed in previous studies (Turlings et al., 1989, 1990, 1993). Additional studies
now show that this parasitoid innately responds to plant volatiles that are associated
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with fresh leaf damage (Hoballah and Turlings, 2005) and not to the truly induced
volatiles such as the terpenoids that the plants release only several hours after
initial caterpillar attack (D’Alessandro and Turlings, 2005a). The response to the
typically induced volatiles apparently only occurs after C. marginiventris females
have associated such volatiles with the presence of hosts (Hoballah and Turlings,
2005). This should allow a newly emerged wasp to first explore damaged plants of
various species for host presence and after successful host location focus its search
efforts on the most profitable plant species.

Apparently, M. rufiventris and C. sonorensis follow different strategies. Experi-
enced M. rufiventris females appear to use cues that are closely associated with
the host rather than the general plant volatile blend. This is evident from studies
whereby naive females were observed to be strongly attracted to artificially in-
duced maize odours, but after an oviposition experience in the presence of a nat-
ural herbivore-induced maize odour blend, their response to the artificially induced
blend was much lower and they strongly prefer the natural odour of plants under
attack by caterpillars (Hoballah and Turlings, 2005; Tamo, 2005). If indeed they
learn to respond to cues that come directly from the host or its by-products (which
are missing from the emissions of artificially induced plants) it could be that these
host-related cues are best perceived from hosts on maize plants. It should be noted
that of the three species tested, M. rufiventris appears to have the most restricted
host range. To our knowledge only seven host species have been reported for M.
rufiventris (El-Minshawy, 1963; Hammad et al., 1965; Gerling, 1969; Abou Zeid
et al., 1978), but this species has been relatively poorly studied and a broader host
range is likely. Nevertheless, it could be considered more of a specialist than the
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other two, which could explain a more specific use of host location cues (Vet and
Dicke, 1992; Steidle and van Loon, 2003). However, more specialized species of the
same genus have been shown to be very good learners (Drost et al., 1986; Hérard et
al., 1988; Lewis et al., 1991; Murray and Rynne, 1994).

C. sonorensis, on the other hand, is, like C. marginiventris, an extreme generalist
(Lingren et al., 1970), and the fact that its responses were not affected by experience
is therefore in clear contrast to the expected use of learning by generalists. It
remains possible that this wasp changes it preferences after more or different types
of experiences, or that the absence of an effect is a particularity of the specific
strain we used. However, the lack of change in the preference of C. sonorensis
after experience is consistent with an earlier study by McAuslane et al. (1991), who
used an entirely different strain. We cannot rhyme this behaviour with the expected
behavioural flexibility in generalists. One could speculate that C. sonorensis uses
very common plant cues that are nevertheless reliably associated with caterpillar
presence. Further studies will have to be conducted with manipulated odour blends
to pinpoint the volatile cues this species actually uses.

The analysis of the volatiles collected during the bioassays show that the induced
volatiles produced by the three plant species differed both in quantity and in
composition. The total amount of produced volatiles was approximately four
times higher for maize than for cotton, and about five times higher for cotton
than for cowpea (fig. 2B), and the composition of the blends clearly differed
among plant species (fig. 2A). As already found by Hoballah et al. (2002), both
quantity and composition of the odours affects the response of C. marginiventris
females. If only the quantity had played a role, than the majority of the females of
each species should have chosen the arms containing maize plants. M. rufiventris
indeed showed a preference for maize volatiles, However, the above mentioned
previous experiments (Hoballah and Turlings, 2005; Tamo, 2005) indicate a more
complicated effect of experience, whereby it appears that the females increase their
responsiveness to cues that are directly related to the host. If this is indeed the
case, the observed preference for maize could be due to more of these cues being
produced by the host on this plant. The preference for maize in M. rufiventris cannot
be explained by the origin of the strain used for the experiments, as our lab colony
originated from cotton fields in Egypt and host presence and natural parasitisation
rates are high on cotton (Hegazi et al., 1973; Ibrahim and Tawfik, 1975).

The considerable differences in responses to host-induced plant odours observed
here imply that we cannot readily generalise about how parasitoids have evolved to
optimise host microhabitat location. The studied wasps have comparable host ranges
and life cycles, but showed considerable differences in how experiences affected
their responses to the odours of host-infested plants. This confirms the notion of
Steidle and van Loon (2003) that the expectation that generalist parasitoids make
use of associatively learning, and that specialists exhibit genetically fixed responses,
does not always hold true. Our knowledge on parasitoid host foraging strategies
is also largely hampered by the fact that little is known about which compounds
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are the key attractants in the complex plant-produced blends. Novel behavioral,
chemical and molecular techniques may help to resolve this gap in our knowledge
(Degenhardt et al., 2003; D’ Alessandro and Turlings, 2006b).
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Abstract

In an earlier study we documented that in choice experiments naive females of the
generalist parasitoid Cotesia marginiventris are equally attracted to the host-induced
odors emitted by the three plant species maize, cotton and cowpea. However, after an
oviposition experience with host larvae feeding on one of these plants, female wasps
showed a preference for the experienced odors. In the present study we considered two
other aspects that could affect the foraging decision of C. marginiventris females: 1) the
effect of pre-imaginal experience on the responses of naive adult females to plant
induced odors and 2) the effect of an oviposition experience in the presence of a specific
plant-host-complex on the subsequent host acceptance behavior of adult females. To
test the first, C. marginiventris were reared on Spodoptera larvae feeding either on an
artificial diet, or on leaves from either maize, cotton or cowpea. The responses of naive
females coming from these four rearing groups were then compared in a six-arm
olfactometer in which the induced odors of the three plant species were offered
simultaneously. No significant effect of pre-imaginal experience was found and none of
the treatment groups showed a preference for an odor.

The effect of ovipositional experience on one of four different substrates (three host
plants and artificial diet) on the host acceptance was examined in no-choice tests.
Independently of the type of experience, all females started to parasitize faster and
parasitized more when the offered larvae were feeding on one of the host plants than
when larvae were feeding on artificial diet. Only females that had an oviposition
experience on artificial diet parasitized the larvae feeding on artificial diet as readily as
the others. No differences were found among plant species, implying that, at short
range, plant stimuli enhance oviposition drive, but that this is the result of priming

(increasing “motivation”) rather than associative learning.
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Introduction

Various natural enemies of herbivores make use of plant-produced volatiles to
locate their prey or hosts (Turlings and Benrey, 1998; Dicke and Vet, 1999; Turlings and
Waéckers, 2004). In parasitoids, the attraction to these volatiles can be affected by
oviposition experiences that result in odor learning by adult females parasitoids and
plays an important role in microhabitat (host-plant) location (Vet, 1987; Vet and
Groenewold, 1990; Turlings et al., 1993; Vet et al., 1995) and in host acceptance (Vet
and Schoonman, 1988). Several studies have shown that also the preimaginal
experiences during the development inside the host can affect the wasps’ behavior as
adults (Monteith, 1958; Vet, 1983; Drost et al., 1986; Drost et al., 1988; Hérard et al.,
1988; Wickremasinghe and van Emden, 1992; Cortesero and Monge, 1994;
Bogahawatte and van Emden, 1996; Storeck et al., 2000).

To test the impact of preimaginal experience on the adult behavior of parasitoid
females, some studies compared the behavior of adult females that developed as larvae
in hosts feeding either on artificial diet or on a host plant. In certain cases, for example
for the generalist parasitoid Campoletis sonorensis (McAuslane et al., 1990a), no effect
on the host microhabitat location was found in the adult female wasps. In other studies
female parasitoids responded poorly to volatiles from host/plant complexes if they had
been reared on an artificial diet, whereas females reared on a host plant responded
much stronger to the odors of that plant. This is the case for Leptolina clavipes (Vet,
1983), Microplitis croceipes (Drost et al., 1986; Drost et al., 1988), and M. demolitor
(Hérard et al., 1988). These examples suggests that on unnatural diets immature
parasitoids of these species may lack experience with vital information necessary for
effective performance as adults.

Other studies have looked at the response of adult parasitoids reared from hosts

fed with different plant species. Again, in some cases the dietary history (food plant
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species) had no effect on the preference of the adult parasitoids, like for Cotesia
glomerata (Benrey et al.,, 1997; Geervliet et al., 1998) and Campoletis sonorensis
(McAuslane et al., 1990a), whereas other species showed a preference for the host-
plant complex on which they had been reared, like the parasitoids Aphidius colemani
(Storeck et al., 2000), Aphidius rophalosiphi (Wickremasinghe and van Emden, 1992),
Cotesia plutellae (Bogahawatte and van Emden, 1996), Drino bohemica (Monteith,
1958) and Eupelmus vuilleti (Cortesero and Monge, 1994). Hence, again the importance
of exposure to host or host plant cues prior to adult emergence seem to be different for
different parasitoid species.

An effect of the host’'s food plant on the behavior of an adult wasp can be due to
either 1) larval conditioning, where chemical cues are incorporated and/or may cause
neural changes in the parasitoid larva that persist to the adult stage (Corbet, 1985) or 2)
early-adult conditioning, where at emergence from the pupa and/or cocoon, the wasp
perceives and learns essential cues (Hérard et al., 1988). Few studies have tried to
separate these two aspects. Hérard et al. (1988) found that the higher responsiveness to
the odors of a plant-host complex of Microplitis demolitor adults reared on plant material
compared with the responsiveness of adults reared on artificial diet was due to contact
with stimuli adsorbed onto the cocoon at the time of the emergence. Studying the
species Eupelmus vuilleti, Cortesero and Monge (1994) found that the different
responses of adult females reared in different Leguminosae seeds was due to early
adult learning, which occurs while the imago is in the larval chamber of its host, a
bruchid, just before emergence. Similarly, van Emden and colleagues found for several
aphid parasitoids that their normal preference for the odor of a plant on which they were
reared was no longer there if the pupae were excised from the aphid mummies just
before emergence of the females (van Emden et al., 1996; Storeck et al., 2000). They

conclude that the normal preference must be determined by the chemicals contacted by
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a parasitoid on the skin of the mummy or while biting its way out of the dead aphid and
they termed this “emergence conditioning”. A study with Hyssopus pallidus appears to
demonstrate true preimaginal learning (Gandolfi et al., 2003). This ectoparasitoid of the
coddling moth was observed to learn only during the very early preimaginal
developmental stages and not during any of the subsequent stage.

The last decision step, after host habitat location and host finding, in the host
selection process by parasitoids is host acceptance (Vinson, 1998). During this phase,
females parasitoids use various volatile and non-volatile cues coming directly from their
hosts or their by-products (kairomones), but their behavior can also be affected by host-
plant cues (synomones) (Vet, 1987; Vet and Schoonman, 1988; Bjorksten and
Hoffmann, 1995; Song et al., 1997; Duan and Messing, 1999). In this context Vet and
Schoonman (1988) showed that for the parasitoid Leptopilina heterotoma associative
learning after an oviposition experience in hosts on a particular substrate not only
increases the response to the odors produced by this substrate, but also increases the
acceptance of the hosts subsequently encountered on the same food substrate.
Similarly, Mattiacci et al. (2000) found that for the parasitoid Cydia pomonella the odor
emitted by the host-food plant not only represents a habitat location signal, but also
enhance the host acceptance and oviposition rate, thus directly effecting its reproductive
success.

C. marginiventris is a generalist solitary larval endoparasitoid. Plant volatiles
induced by caterpillar feeding are the primary cues used by C. marginiventris females to
locate plants with potential hosts (Turlings et al., 1990). Once on a plant with hosts, the
females use contact cues in host faeces and silk to determine the exact location of hosts
(Loke and Ashley, 1984a, 1984b). The responses to these contact cues is genetically
fixed and the cues in faeces are probably used as unconditioned stimuli in an

associative learning process during which the surrounding odor (plant volatiles) is learnt
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for subsequent host habitat location (Turlings et al., 1989). Because of its wide host
range and the numerous potential volatile signals it may use, it is expected that C.
marginiventris is flexible in its responses. In previous studies it was indeed demonstrated
that C. marginiventris females show a clear ability of associative learning, increasing
their responsiveness to the induced odors of the plant-host complex they experienced by
contact with a host or host faeces, or by oviposition of the host larvae (Turlings et al.,
1989; Turlings et al., 1990; Turlings et al.,, 1993; Tamo, 2006). It is as yet unclear,
however, if pre-imaginal experience can also affect the attraction of adult C.
marginiventris females to different host plant blends and if an experience with a host-
plant complex as adult can affect their host acceptance behavior.

In the current study, using a six arm olfactometer described by Turlings et al.
(2004), we first investigated if the diet (food plant) of the host in which a C.
marginiventris female develops has an effect on its odor preferences as an adult.
Secondly, in no choice experiments it was tested if host acceptance and oviposition rate
by C. marginiventris on different substrates is affected by previous oviposition

experiences on one of these substrates.

Materials and Methods
Growing of plants

Three plant species were used for the experiments: maize (Zea mays, var.
Delprim), cotton (Gossypium herbaceum) and cowpea (Vigna unguiculata). Two seeds
of each plant species were grown in plastic pots (200ml) with fertilised commercial soil
(COOP, Switzerland) in a climate chamber (23°C, 60% r. h., 16D: 8L, 50°000 Im/mz). 8-
10 day old maize and cowpea and 13-14 day old cotton plants were used for the

experiments.
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Insects

Spodoptera littoralis (Noctuidae: Lepidoptera) eggs were supplied weekly by
Syngenta (Stein, Switzerland). The eggs were incubated in Petri dishes (9 cm diam., 1.5
cm high) on moist filter paper. After emergence larvae were placed on artificial diet in
plastic boxes (15x9x5 cm) at room temperature, until they were used for parasitoid
rearing as described by Turlings et al. (2004).

For the pre-imaginal learning experiment four different rearing groups were
maintained. The parasitized caterpillars were kept in transparent plastic boxes (15 x 13 x
5.5 cm) on either a wheatgerm-based artificial diet or on maize, cotton or cowpea leaves
until cocoon formation. Cocoons were separated from the leaves or from artificial diet
and kept separated in Petri dishes until adult emergence. Emerging adults of each
rearing group were sexed and kept separated in cages Bugdorm-1 (30 x 30 x 30 cm)
(MegaView Science Education Services Co. Ltd., Taiwan) at a sex ratio of 1:2 (male:
female), with moist cotton wool and honey as a food source.

For the host acceptance experiment the parasitized larvae were only fed with artificial
diet.

Parasitized larvae and adults of C. marginiventris were held until the experimental day in
an incubator (25°C and 16L: 8D). All experiments were conducted with 2-4 days old

naive mated females.

Experiments
Effect of pre-imaginal experience on the responses of adult females to plant induced
odors

To test if the innate preferences of the naive wasps are changed by the diet used
to rear the parasitized larvae we carried out an experiment in the same six-arm

olfactometer in which naive C. marginiventris females did not show a preference for any
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of the induced odors produced by the same three plant species, whereas after an
oviposition experience on larvae eating on one of the plants, the females preferred the
odors of the plant species that they had experienced (Tamo, 2006). The six-arm
olfactometer has been described in detail by Turlings et al. (2004).

Three odor sources were prepared the day before an experiment started. The first
one consisted of two maize plants, the second of two cotton plants and the third of two
cowpea plants. Each pair of plants was placed in an odor source vessel of the
olfactometer and fifteen 2" instar S. littoralis larvae were allowed to feed on them during
one night. The three other odor source vessels were left empty. For each replicate the
odor sources were placed in a different position, but always with one empty chamber
between two chambers that contained plants.

On each test day 4 groups of six females were released in the choice chamber and
their choices were recorded after 30 min. The four groups of wasps were the following:
1) females from parasitized larvae reared on artificial diet, 2-4) females from parasitized
larvae reared on maize, cotton or cowpea leaves. None of the wasps had contacted
hosts or their diets as adults. The experiment was replicated 12 times: for each replicate
the odor sources were placed in a different position and the order in which the parasitoid
group were released was alternated. After an experimental day, all parts of the
olfactometer were water washed and rinsed with acetone and hexane. The glass parts
were then placed in a drying oven (250°C) overnight. Statistical analyses of the
parasitoid choices in the olfactometer were based on the log linear model described in

Chapter 3.

Influence of previous oviposition experience on host acceptance

A second experiment was carried out to test if the host acceptance and the

parasitization rate were different among naive and experienced females, and if the diet
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or plant experienced in previous host contact had an effect on the motivation to
parasitize on the same substrate or on a different one.

The day before an experiment in the late afternoon 6 plastic containers (9.5 cm
diam., 5 cm high) for each substrate type were prepared. Substrates used were the
following: 1) two pieces (10 x 10 x 10 mm) of artificial diet 2-4) a young leaf of maize,
cotton or cowpea. Twenty 2™ instar S. littoralis larvae were added to each container,
allowing them to eat and defecate during overnight. The next day, individual females
parasitoids were introduced in the containers to provide them with a contact experience
with hosts (two ovipositions) and the associated odors. Four females remained
inexperienced (naive). Females of the experience groups were, immediately after their
experience, introduced into a new cup with a certain type of diet and 20 host larvae. For
each female a new exposure cup was used. The females were observed in these
exposure cups during five minutes. The time elapsed until the first oviposition and the
number of oviposition during the five minutes were recorded. To test for differences of
these two parameters among naive and females with a prior experience a GLM model
was used. In cases of significance, a pair wise comparison between treatments was

performed by the Tukey test.

Results
Effect of pre-imaginal experience on the responses of adult females to plant induced
odors

Naive C. marginiventris females had no obvious preference for the induced odors
of a particular plant species. Independently of the rearing they were coming from they
were always significantly more attracted to the arms containing an odors source
comparaed with the empty arms, but did not show a preference for one of the odor

sources (P < 0.001, Figure 1).
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Figure 1. : Olfactometric responses of the parasitoids Cotesia marginiventris when given
a choice between the odours of Spodoptera littoralis-infested maize, cotton and cowpea
plants. The wasps were coming either from hosts reared on artificial diet, or on one of
the three tested plants. The pie chart shows the percentage of wasps that entered an
arm. The bars represent the total number of parasitoid attracted to the arms containing
one of the three tested host plants or of parasitoids that went into one of the empty arms.
Choices for the empty arms were summed and divided by 3. Bars having no letters in

common represent significantly different response levels within each graph (P < 0.001).
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Influence of previous oviposition experience on host acceptance

Females with an oviposition experience on one of the three plant species
parasitized more larvae than naive females and than females that had had an ovipostion
experience on artificial diet. Naive females and females with an oviposition experience
on one of the three plants species parasitized significantly less larvae on artificial diet,
than on the plant species, and no significant difference among plant species was found.
The females with an oviposition experience on artificial diet showed no significant

differences in the number of larvae that they parasitized on the different diets (P<0.05,

Figure 2).
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Figure 2 : Mean number of larvae parasitised by C. marginiventris females during 5 min.
in no choice situation. Different letters indicate significant difference between treatments
within each pairs of experience groups . Different capital letters indicate significant

difference between experience groups (p < 0.05).
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The time needed by the females to start to parasitize was always significantly
longer for parasitoids from larvae that had been fed on artificial diet, unless the females
parasitoid had a previous contact experience with larvae on artificial diet. For the
females with a previous experience on a plant species, no differences in the time until

first oviposition were found among the three plant species tested (p<0.05, Figure3).
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Figure 3 : Mean time needed by Cotesia marginiventris females to start to parasitise in
no choice situation. Different letters indicate significant difference between treatments

within each pairs of experience groups (p < 0.05).

Discussion

Previous studies had shown that experiences as adults affect the responses of C.

marginiventris females to long-range olfactory cues (Turlings et al., 1990; Turlings et al.,
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1993; Tamo, 2006). Here we show that pre-imaginal experiences or experiences during
emergence have no apparent effect on subsequent olfactory responses. C.
marginiventris females reared from host larvae that had been feeding on one of three
host plants responded similarly in the olfactometer. Females from each treatment were
readily attracted to the plant odors, but in no case they did show a preference for a
particular odor. Hence, we did not find any evidence for pre-imaginal learning in this
parasitoid species. The parasitoids used in this experiment had emerged from cocoons
collected and separated before emergence from the diet on which they were spun. For
this reason the adult females had no direct contact with the plants upon emergence, but
only with host habitat cues that were possibly adsorbed onto their cocoons. Eventhough
the majority of the current examples of odor learning at emergence show that the learnt
cues are adsorbed on the cocoon (Hérard et al., 1988; Cortesero and Monge, 1994; van
Emden et al.,, 1996; Storeck et al., 2000), we cannot exclude that in the field,
conditioning at emergence could take place, whereby C. marginiventris females might
perceive odors directly coming from a plant species and subsequently develop a
preference for the odor of this specific plant. From previous studies (Turlings et al., 1993;
Tamo, 2006) that an experience as an adult with a particular plant odor during an
encounter with a host causes C. marginiventris females to prefer the experienced odor.
This type of associative learning by adults has been shown for many other parasitoid
species (Vet, 1983; Drost, Lewis and Tumlinson, 1988; Lecomte and Thibout, 1993;
Turlings et al., 1993; Bjorksten and Hoffmann, 1995; Geervliet et al., 1998), and some
studies show that preferences developed during the preimaginal phase or by emergence
can readily be changed as a result of ensuing foraging experience, confirming the notion
that learning as adult often outweighs the effect of preimaginal conditioning in
parasitoids (Hérard et al., 1988; Turlings et al., 1993; Storeck et al., 2000). Since C.

marginiventris is an extreme generalist species for both the host and the host plant
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species, fixing a preference for the plant species on which an individual developed might
actually be disadvantageous. That the wasp does not incorporate information from its
immature experiences in foraging decisions seems to be confirmed by the fact that
freshly emerged naive C. marginiventris adults respond best to odors that are generally
associated with damaged plants, such as typical green leafy volatiles, while after an
experience the females shift their preferences towards more specific blends containing
induced volatiles that differ among plant species (Hoballah and Turlings, 2005; Tamo,
2006).

The experiment on host acceptance revealed that prior oviposition experience had
an effect on host acceptance in terms of time until first oviposition and on the
subsequent oviposition rate. Females with an oviposition experience on one of the three
plant species subsequently parasitized more larvae during five minutes than naive
females and females with an oviposition experience on artificial diet. Naive females and
females with an experience on one of the plant species started to parasitize quicker and
parasitized more if the larvae were feeding on one of the three plant species compared
with the larvae feeding on artificial diet. Interestingly, females with an oviposition
experience on artificial diet subsequently parasitized the larvae on artificial diet as
readily as the larvae on the plants, possibly a result of an association between host
presence and “unfamiliar” substances that are normally not linked with host presence.
No differences were found among wasps that had experienced the different plant
species, implying that, at short range, plant stimuli in general enhance oviposition drive,
but that this is primarily the result of priming (increasing “motivation”) rather than
associative learning. These results indicate that plant factors are involved in stimulating
oviposition as well as in the priming effect.

It could be expected that rearing on an artificial diet negatively affects a parasitoids

responses to natural stimuli, as appears to be the case for Diachasmimorpha
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longicaudata a parasitoid of fruitfly larvae. This parasitoid was found to prefer to oviposit
in larvae reared on atrtificial diet than in larvae on their host plant, showing a modified
parasitization behavior (Bautista and Harris, 1997). The colony of C. marginiventris used
in our study has been reared on a wheat based artificial diet for several years, but this
does not seem to have altered the attraction of naive adult females to induced plant
odors nor the acceptance by adult females of larvae on a host plant. Naive females
coming from the rearing on artificial diet were attracted to the induced plant odors as
readily as the females coming from the rearings on host plants. That the rearing on
artificial diet for many generations has not importantly altered the parasitoid’s natural
responses is also indicated by the fact that they parasitized quicker and more larvae on
one of the three plant species than on artificial diet, unless they had a previous
experience with artificial diet fed larvae.

The difference in the time needed by a female to start to parasitize between the
artificial diet and the three plant species could also be partly explained by visual stimuli
that the parasitoids perceived in the testing cups. Several studies have demonstrated
that for the host finding and acceptance of the hosts the visual stimuli may play a role in
addition to volatiles produced by the plants and kairomones from host larvae and their
faeces (McAuslane et al., 1990b, 1991; Tripathi and Singh, 1994; Wackers and Lewis,
1994; Battaglia et al., 1995). The single leaves and/or the host faeces in the cups with
the plant diet might have provided visual recognition cues.

It can be concluded from this laboratory study that the responses of C.
marginiventris females to host location stimuli are more affected by adult experiences
than by preimaginal experiences and that, even if reared on unnatural diets, immature
wasps do not miss out on vital information that is needed for effective performance as

adults.
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Chapter 5

Relative importance of host derived and plant-derived volatiles in
the attraction of the larval parasitoids Cotesia marginiventris and

Microplitis rufiventris

Based on: Cristina Tamo, Matthias Held, Maria Elena Hoballah and Ted C. J. Turlings
Relative importance of host derived and plant-derived volatiles in the attraction of the larval
parasitoids Cotesia marginiventris and Microplitis rufiventris. In preparation for submission to
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Abstract

Using a six-arm olfactometer, we compared the responses of the two larval endoparasitoids,
Cotesia marginiventris and Microplitis rufiventris, to the odors of maize plants that were
induced to emit volatiles. Naive and wasps that had had an oviposition experience on an
host-damaged maize plant were offered the choice between undamaged maize plants,
undamaged plants treated with caterpillar regurgitant, freshly damaged plants (scratched and
treated with caterpillar regurgitant), plants with the same but older damage, plants with an old
and a fresh damage and plants actively fed on by herbivores. The results revealed that naive
C. marginiventris are highly responsive to freshly damaged plants (which typically release
green leafy volatiles) and become more responsive to plants with older damage that release
specific herbivore-induced volatiles after experience. In contrast, naive M. rufiventris respond
best to the complete blend of plant-produced volatiles, while experience rendered this wasp
more responsive to volatiles that are directly associated with the herbivores and/or their by-
products. Although both wasps have similar host plant ranges, they clearly employ different

strategies to find their hosts.

Introduction

Natural enemies of herbivores make use of the volatiles produced by plants under
herbivores attack to locate their prey or hosts (for reviews see Vet and Dicke, 1992; Turlings
and Benrey, 1998; Dicke, 1999; Turlings and Wackers, 2004). Several parasitoid species
have been shown to be differently attracted to the odors produced by different plant species
(Drost et al., 1988; Turlings et al., 1989; Turlings et al., 1990a; McAuslane et al., 1991;
Geervliet et al., 1996; De Moraes and Lewis, 1999; Tamo et al., 2006) and also by different
varieties of the same plant species (Elzen et al., 1986; Takabayashi et al., 1991; Loughrin et
al., 1995; Rapusas et al., 1996; Geervliet et al., 1997; Hoballah et al., 2002). Analyses of the
induced volatiles produced by different maize varieties and some of their wild ancestors have
revealed considerable differences in the quantity as well as the quality (relative ratios) of the

produced volatiles (Gouinguene et al., 2001; Hoballah et al., 2002; Degen et al., 2004). We
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also found that these differences are reflected in the attractiveness of the maize varieties for
parasitoids, which was not only due to the differences in quantity, but also to qualitatively
differences (Hoballah et al., 2002). The behavior of various parasitoids can also be affected
by their experiences with host location cues, naive wasps and wasps that have experienced
certainly plant odors while contacting hosts are often differently attracted to different plant
species or varieties (Turlings et al., 1989; Eller et al., 1992; McCall et al., 1993; Geervliet et
al., 1998).

Most plants under herbivore attack typically release so-called green-leaf volatiles
immediately upon damage and release various terpenoids, phenolic and nitrogenous
compounds only after they have been damaged for some time (Dicke 1999b; Paré and
Tumlinson, 1999; D’alessandro and Turlings, 2006).

The green-leaf volatiles (which are indicative of fresh damage) are very similar for all
plant species, whereas the blend of the truly induced volatiles varies between plant species
and even between different genotypes of the same species (Loughrin et al., 1995;
Gouinguene et al., 2001; Krips et al., 2001; Degen et al., 2004). Studies on the antennal
perception of volatiles using electroantennogramm (EAG) recording showed that generally
parasitoids perceive most plant volatiles (Baehrecke et al., 1989; Ramachandran and Norris,
1991; Li et al., 1992; Whitman and Eller, 1992; Du et al., 1998; Gouinguene et al., 2005).
However, EAG responses do not necessarily reflect central integration of peripheral stimuli
and therefore do not necessarily provide information on the resulting behavioral responses.
Nevertheless, assays that have tested the actual attraction of parasitoids to specific
compounds, indicate that many plant volatiles are indeed attractive for parasitoids (Elzen et
al., 1984; Whitman and Eller, 1992; Vaughn et al., 1996; Du et al., 1998). Yet, it remains
unclear which of the compounds are essential for attraction (D’Alessandro and Turlings,
2005, 2006).

The release of volatiles by maize plants in response to caterpillar damage has been
studied extensively. In maize, only green leaf volatiles are emitted by the plant immediately

upon damage, while various terpenoids and the aromatic compound indole start to be
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emitted some hours after damage (Turlings et al., 1998). As long as the caterpillars continue
to feed, the green leaf volatiles will be released. A one-time mechanical damage applied to
maize leaves also results in the emission of green leaf volatiles, which ceases within hours
(Turlings et al.,, 1998). Applying caterpillar regurgitant to a mechanically damaged site
causes a maize plant to systemically emit the terpenoids and indole in amounts and ratios
that are similar to those emitted by plant damaged by caterpillars (Turlings et al., 1990b;
Turlings and Tumlinson, 1992; Turlings et al., 1998). This provides the possibility to treat
maize plants in a specific way and to have them release groups of compounds that are
typical for fresh and old damage (Degen et al., 2004).

Using this approach, Hoballah and Turlings (2005) tested the role of fresh versus old
damage in the attraction of the two species C. marginiventris and M. rufiventris, using both
naive and experienced females. The wasps were offered the choice between three different
mechanically damaged maize plants, thus producing three different blends, the first one
composed of almost only green leaf volatiles, the second one with a mixture of green leaf
volatiles and terpenoids plus indole and the third one composed only of terpenoids plus
indole. C. marginiventris were found to prefer blends containing green leaf volatiles when
naive and to switch their preferences for blends containing both, green leaf volatiles and
terpenoids, after having experienced these compounds while contacting host larvae. In
contrast, naive M. rufiventris did not show a preference when they were offered the three
blends, and surprisingly exhibited a much weaker response to the offered odors after
experience. Since some parasitoid species, like for example Microplitis croceipes (Cortesero
et al., 1997) and Cotesia rubecula (Agelopoulos and Keller, 1994a), have been found to also
strongly rely on the odors of the frass of their hosts for host habitat location, the authors
hypothesized that the weak response of experienced M. rufiventris females was due to the
absence of cues that are directly associated with host larvae and/or of their frass. The
current study was conducted to test this hypothesis and to specifically compare the role of

plant cues versus host cues for M. rufiventris and C. marginiventris.
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Using maize plants as odor sources, we tested the relative attractiveness of the
volatiles produced by differently mechanically damaged plants as well as the attractiveness
of plants that were actively fed upon by host larvae. Hence, the aim of the present study was
to determine if the presence the herbivores play a role in the attraction of C. marginiventris

and M. rufiventris to damaged plants.

Materials and methods
Insects
Hosts

The S. littoralis eggs, provided weekly by Syngenta (Stein, Switzerland), were kept in
Petri dishes on humidified filter paper in an incubator (25°C and 16L: 8D) until emergence of
the larvae. The larvae were then transferred inside clear plastic containers (15 x 13 x 5.5 cm)
and fed with a wheat germ-based artificial diet (changed every 1-3 days) at room

temperature (19-23°C), until using them either for rearing or for the experiments.

Parasitoids

The C. marginiventris population originated from the USDA-ARS, Biological Control
and Mass Rearing Research Unit (Mississippi, USA). The M. rufiventris colony was
established in 2000 from individuals collected from parasitized S. littoralis larvae in fields in
Egypt (Alexandria). Both parasitoids were reared in plastic containers (9.5 cm diam., 5 cm
high) on Spodoptera littoralis (Noctuidae: Lepidoptera). For the rearing, two 4-7 days old
mated females of each parasitoid species were placed for 3-4 h in the presence of 25 S.
littoralis caterpillars. The parasitized caterpillars were then maintained in clear plastic boxes
(15 x 13 x 5.5 cm). All larval stages were fed with wheat germ-based artificial diet until
cocoon formation. Cocoons were kept in Petri dishes until adult emergence. Emerging adults
were sexed and kept in cages (30 x 30 x 30 cm) (MegaView Science Education Services Co.
Ltd., Taiwan) at a sex ratio of 1:2 (male: female). Adult wasps were fed with honey and

provided with moist cotton wool as water source. Parasitized larvae and adults of C.
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marginiventris were held until the experimental day in the above-mentioned incubator,
whereas parasitized larvae and adults of M. rufiventris were held in the laboratory under
ambient light and temperature conditions (19-23°C). All the parasitoid females used for the

experiments were 2-4 day old.

Plants

Maize plants (Zea mays, var. Delprim) were grown in a climate chamber (23°C, 60% r.
h., 16D: 8L, 50’000 Im/m?). Two seeds were planted per pot (200ml) in fertilized commercial
soil (COOP, Switzerland). Plants were used in the experiments when they were 8-10 days
old. The day before an experiment, six arm olfactometer pots (250 ml, 4.5 cm diameter, 11

cm high), each with two plants, were prepared and treated as described below.

Experimental design

The six arm olfactometer has been described by Turlings et al. (2004). Each arm was
connected to a pot that contained two maize plants that had received one of the following
treatments: 1) the plants were left unarmed, 2) without damaging the leaves10 pl of
caterpillar regurgitant was smeared on the underside of two leaves of each plant 0.5h before
starting the actual bioassay 3) the underside of two leaves of each plant was scratched with
a razor blade over an area of 2-4 cm? on both sides of the central vein, and 10 pl of
caterpillar regurgitant were applied on each damaged site the evening before the
experiments (old damage) 4) the plants were treated exactly in the same way as in treatment
3, but just 0.5h before starting the bioassays (fresh damage) 5) the plants were treated in the
same way twice, once the evening before the experiments and once 0.5 h before, each time
half of the area of the leaves was damaged and half of the caterpillar regurgitant was applied
(old + fresh damage) 6) ten 2" instars S. littoralis larvae were placed on the plants in the
evening before the bioassay, allowing them to feed overnight (the larvae remained on the

plants also during the bioassay). All the plants were left in the dark inside the vessels of the
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olfactometer overnight and they were illuminated with 10 neon tubes (5 Osram 18W/21-810,
alternated with 5 Sylvania Gro-Lux F18W/GRO-T8) of the olfactometer starting 1.5h before
and during the bioassay. For each replicate the odor sources were placed in a different
position and the experiment was replicated six times for each parasitoid species. On each
experimental day three groups of 6 naive wasps and three groups of 6 experienced females
were released alternately. The wasps’ choices were determined 30 minutes after release.

To obtain experienced females they were allowed to parasitize twice in a plastic box
(9.5 cm diam., 5 cm high) containing one leaf of a maize seedling that had been fed upon by
fifteen 2" instar S. littoralis larvae during one night. The experiences occurred just before

releasing the wasps in the olfactometer.

Volatile collection

During all experiments 50% of the air passing over the odor sources was pulled
through a trapping filter for 3.5h. Volatiles emitted by the maize plants in the vessels of the
olfactometer were trapped as described by Turlings et al. (1998). Trapping filters consisted of
7cm glass tubes in which 25 mg of 80-100 mesh Super Q adsorbent (Altech, Deerfiedl,
lllinois) was placed and kept in place by two fine mesh metal screens as described by Heath
and Manukian (1992). In all experiments, one filter was attached to the horizontal port at the
top of each odor source vessel. Before each experiment, the traps were rinsed five times
with 200 pl methylene chloride. The first wasp release started 0.5h after a collection started.

After each collection, the traps were removed, extracted and analyzed as described below.

Chemical analyses

Immediately after each experiment, the volatiles collected on these filters were
extracted with 150 pl of methylene chloride and two internal standards (n-octane and nonly
acetate, each 200 ng in 10 pl methylene chloride) were added to the samples. The samples
were either analyzed immediately or stored at -70°C for later analysis. For the analysis of

each sample, an aliquot of 3 pl was injected on column with the use of an automated
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injection system onto an apolar HP-1 capillary column (30 m, 0.25 mm I.D., 0.25 um film
thickness). The column was housed in a Hewlett Packard model HP 6890 gas
chromatograph equipped with a flame ionisation detector. The oven was held at 50 °C for 3
min and then programmed at 8 °C /min to 230 °C, where it was maintained for 9.5 minutes.
The column was preceded by a deactivated retention gap (10m, 0.25mm 1.D., Connex, USA)
and a deactivated precolumn (30cm, 0.530mm |.D., Connex, USA). Helium (24 cm/s) was
used as carrier gas. HP GC Chemstation software was used to quantify all major
components based on the known quantity of internal standards.

Initial identification of most compounds was based on comparisons of retention times
from previous studies (Bernasconi et al., 1998; Turlings et al., 1998). Identities were
confirmed with the mass spectrometry analysis of some samples, using the same column
and temperature program (Agilent 5973, transfer line 230°C, source 230°C, quadrupole
150°C, ionisation potential 70 eV, scan range 0-400 amu). The amounts of the 23 dominating
compounds in the collections were determined based on their relative peak areas and those

of the internal standards.

Statistical treatment of the data

Analyses of the wasp choice data were based on a log-linear model fitted for the
expected distribution of the wasps within the olfactometer described by Turlings et al. (2004).
We tested for quantitative differences in the total odor emissions as well as for the emissions
for individual compounds. A two way analysis of variance was performed to test for
differences between the 2 species data sets. Differences in the total amount of produced
volatiles between treatments were determined using one way analysis of variance. The
Student-Newman-Keuls test was performed for multiple comparisons.

Twenty-three compounds were used for comparison between treatments: ). (Z)-3-
hexenal; (E)-2-hexenal; (2)-3-hexen-(1)-ol; (E)-2-hexen-(1)-ol; (Z)-2-Penten-(1)-ol-acetate; B-
myrcene; (Z)-3-hexen-(1)-ol acetate; (E)-2-hexen-(1)-ol acetate; linalool; (E)-4,8-dimethyl-

1,3,7-nonatriene; benzyl acetate; phenethyl acetate; 1-H-indole; benzoic acid, 2-amino-
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methylester; geranyl acetate; unknown sesquiterpene; (E)- B-caryophyllene; (E)-o-
bergamotene; (E)- p-farnesene; a-zingiberene; bisabolene; B-sesquiphellandrene; (E)-
nerolidol

To test for differences between treatments for each single compound a Kruskal-Wallis
one way analysis of variance followed by a Tukey test for multiple comparisons were
performed.

Additionally, to explore the association between plant treatments and the two treatment
factors, wasps responses (naive and experienced) and induced volatiles groups we

subjected the data to a principal component analysis (PCA) using the program CANOCO 4.5.

Results

Wasps behavior (Figure 1)

Naive and experienced females of both species were least attracted to the odors of
the undamaged plants (whether treated with regurgitant or not). Naive C. marginiventris were
significantly more attracted to the odor sources that had freshly damaged plants and to the
maize plants that were being damaged by S. littoralis larvae (Fig. 1, A1). After conditioning,
they showed a preference for the odor of plants treated twice (fresh and old damage) and
plants being damaged by the larvae (Fig. 1, A2).

In contrast, naive M. rufiventris were mostly attracted to plants that were treated twice (old
and fresh damage) and to plants with larvae feeding on them (Fig. 1, B1). After experience,
they showed a strong preference for the odor of plants with larvae and strongly reduced

attraction to the other sources (Fig. 1, B2).
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Figure 1.: Total number of naive and experienced Cotesia marginiventris and Microplitis
rufiventris females that were attracted to a specific source in a 6-arm olfactometer. Healthy:
two healthy maize plants, Spit: two healthy maize plants with 10 ul of Spodoptera littoralis
regurgitant on the leaves, Old: two maize plants treated 12 h before experiment started,
Fresh: two maize plants treated 30 min before experiment started, Old-Fresh: two maize
plants treated 12 h and 30 min before experiment started, Larvae: two maize plants actively
fed by 10 S. littoralis larvae since 12 h. The pie chart shows the percentage of wasps that
entered an arm. The bars represent the total number of parasitoid attracted to one of the 6
arms. Different letters above bars indicate significant differences among total numbers of
wasp that chose a particular odor source (A1: P<0.01; A2: P<0.001; B1: P<0.001; B2:

P<0.001).
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Odor emissions

For the odor emissions we did not find any significant difference between the data sets for
the two parasitoid species (P = 0.289), therefore they were combined for the overall
comparison between plant treatments. The total amount of volatiles emitted during 3.5 h of
collection was considerably different between the different treatments (Figure 2). Twenty-
three compounds were detected and consistently found for the damage treatments (Figure
3). As expected the fresh treatment resulted in the emission of mainly green leaf volatiles
and the plants with older damage (artificially and insect inflicted) emitted the typically induced
compounds (terpenoids and aromatics). There was a significant tendency for the caterpillar
damaged plants to emit more than the plants with fresh and old artificial damage, but there

was only a significant difference in the emission of indole.
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Figure 2.: Mean total amount (+SE) of induced volatiles emitted by maize plants submitted to different
treatments, undamaged plants (healthy.), undamaged plants with caterpillar regurgitant (spit), plants
treated the evening before the begin of the experiment (old), plants treated 0.5 h before the begin of
the experiment (fresh), plants treated the evening before and 0.5 h before the begin of the experiment
(old-fresh), plants actively fed by S. littoralis larvae (larvae). Letters above each bar indicate significant

differences after Student-Newman-Keuls post hoc test for a= 0.05.
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Figure 2. Mean (+SE) amounts of major single volatile compounds emitted during 3.5 hours
from two maize plants treated in the different ways elucidated in text. Different letters above
bars indicate significant differences in amount of single compounds collected among
treatments and ns indicate no significant difference among treatments (a=0.05). (1) (Z2)-3-
hexenal; (2) (E)-2-hexenal; (3) (Z)-3-hexen-(1)-ol; (4) (E)-2-hexen-(1)-ol; (5) (£)-2-Penten-(1)-
ol-acetate; (6), B-myrcene; (7); (2)-3-hexen-(1)-ol acetate; (8) (E)-2-hexen-(1)-ol acetate; (9)
linalool; (10) (E)-4,8-dimethyl-1,3,7-nonatriene; (11) benzyl acetate; (12) phenethyl acetate;
(13) 1-H-indole; (14) benzoic acid, 2-amino-methylester; (15) geranyl acetate; (16) unknown
sesquiterpene; (17) (E)- B-caryophyllene;(18) (E)-a-bergamotene; (19) (E)- pB-farnesene; (20)
a-zingiberene; (21) bisabolene; (22) B-sesquiphellandrene; (23) (E)-nerolidol
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The PCA confirmed that green leaf volatile emissions is positively linked with fresh
damage and the other induced volatiles groups are positively linked with older damage
(Figure 4a and 4b). The effect of experience could also be visually depicted by these
analyses. The insertion of the vectors for the wasps responses indicated that the responses
of naive C. marginiventris are highly positively linked to green leaf volatiles while the
responses of experienced C. marginiventris are positively linked to the other volatiles groups
(Figure 4a). The responses of naive M. rufiventris resulted to be positively linked to all
volatiles groups, while the responses of experienced M. rufiventris resulted to be more
positively linked to the induced volatiles groups, in particular the aromatics (Figure 4b). The
high eigenvalues indicate that for both wasps species these variables explain more than 80%

of the variability.
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Figure 4. Distribution of induced volatiles groups (plotted as vectors) released by maize

plants belonging to the different treatment groups. The vectors naive and exp indicates the

(a) C. marginiventris and (b) M. rufiventris females responses. (a) Eigenvalues axis 1 (EV =

0.55) and axis 2 (EV = 0.26), (b) Eigenvalues axis 1 (EV = 0.63) and axis 2 (EV = 0.18).

Volatiles group abbreviations: gl, green leaf volatiles; ester, esters(acetates); homot,

homoterpenes; aromat, N-aromatics; monot, monoterpenoids; sesqu, sesquiterpenoids.

105



Discussion

The present study confirms that, despite clear similarities in biology and host range, the
two parasitoid species C. marginiventris and M. rufiventris are very different in how they
make use of volatile cues to locate hosts, especially in how they adapt their responses to
such cues after experiencing them in association with hosts.

Some of these differences were already evident from two earlier studies (Hoballah and
Turlings, 2005; Tamo et al., 2006), but here we specifically demonstrate that M. rufiventris,
after contacting hosts on a host-damaged plant, is most attracted to cues that are closely
linked with host presence.

This latter result is surprising as it is commonly expected that plant odors are the key
attractants for generalist parasitoids of herbivores (Vet and Dicke, 1992; Turlings and
Waéckers, 2004) and that these plant-provided cues are specifically learned during an
encounter with hosts on plants (Turlings et al., 1993; Vet et al., 1995). In all the experiments,
undamaged maize plants with or without some larval regurgitant applied to the leaves were
the least attractive for naive or experienced females. The relative importance for the
attraction of cues associated with fresh damage (mainly green leaf volatiles), cues
associated with older damage (mainly terpenoids and some aromatics) and cues coming
directly from the larvae and/or the larval frass was found to be different for the two parasitoid
species (Figure 1). There were clear differences before and after experience, but also in how
experience affected the preferences. Naive C. marginiventris females preferred the odor of
plants that were freshly damaged over all the other odors, whereas after experience their
preferences switched to odors of a combination of fresh and old damage. This combination is
what they experience on a plant that has been damaged by host larvae for over 12h and on
which the larvae were still feeding. The experience that they were given is what can be
expected during an encounter with hosts on a maize plant in the filed. It should be noted,
however, that if they had received an experience with only fresh damage, they would have

probably been reinforced to prefer the odor of fresh damage.
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Naive M. rufiventris equally preferred the two blends containing both green leaf
volatiles and terpenes, while after an oviposition experience the big majority of the females
choose the odors produced by the maize plant actively fed on by the larvae. This result
confirms the hypothesis proposed by Hoballah and Turlings (2005) that this wasps, during
the oviposition experience, learns cues that are directly associated with the hosts and that
they actually start avoiding odor blends that do not contain these host cues. Indeed, if the
wasps are offered only the odor of artificially treated plants (without host cues), their
responses to such an odor significantly drops after experiencing the natural odor of hosts on
plants (Hoballah and Turlings, 2005). Again, a different type of experience might have
resulted in a different preference, although it is clear that M. rufiventris is less inclined to
show classical associative learning than C. marginiventris (Tamo et al., 2006).

It appears that before experiencing typically induced plant volatiles C. marginiventris
primarily relies on very general plant cues, such as green leafy volatiles, that are commonly
released by many plant species when damaged. After experiencing hosts while perceiving
the typical induced odor on a specific plant, females of this species start to use these
induced cues in their subsequent foraging efforts. This strategy can be expected to lead
them to more hosts on individuals of the same plant species in the vicinity (Turlings et al.,
1993). The experienced C. marginiventris preferred the blends containing both green leaf
volatiles and terpenoids to the blends containing only terpenoids. We could speculate that
such a preference allows the experienced females to locate plants of the appropriate species
with fresh damage that indicates current presence of herbivores. Experienced C.
marginiventris females did not distinguish between plants with artificially inflicted old and
fresh damage and plants that were being damaged by the herbivores, implying that they fully
rely on plant signals and that the presence of the caterpillar and their by-products does not
play an important role for the attraction of this species.

In clear contrast, M. rufiventris seems to use another strategy, it mostly relies on plant
odors when naive, but after encountering hosts on a plant it starts to use cues that are more

specifically associated with host presence. It remains to be determined if these cues come
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directly from the host larvae and/or their faeces, or even if they use plant cues that cannot be
elicited with the artificial treatment. Our analyses of the collected odors did not show any
major qualitative differences between the artificially damaged plants with fresh and old
damage and the caterpillar damaged plants, except for the compound 1-H-Indole that was
released in dramatically higher quantity by the plant actively fed by larvae (Figure 3). The
principal component analyses may indeed suggest an importance for aromatic compounds
like indole in the attraction of experienced M. rufiventris (Figure 4b). Yet, the dramatic
reduction of attraction to artificially induced plant odor (Hoballah and Turlings, 2005), seems
to suggest that the compounds that are not attractive to experienced M. rufiventris are not

plant-derived, but this needs to be confirmed.

Based on ample evidence (Elzen et al., 1987; Turlings et al., 1991; McCall et al., 1993;
Steinberg et al., 1993) it is generally assumed that induced plant signals are the most
important foraging cues for generalist parasitoids of herbivores than cues that come directly
from the hosts. Still, there are also a number of studies have shown short and long-range
attraction to host frass (Vinson, 1984; Lewis and Tumlinson, 1988; Nordlund et al., 1988;
Whitman, 1988a; Whitman, 1988b). Jones et al. (1971) were the first to isolate and identify a
compound present in the feces and larvae of Heliothis zea that was found by Lewis and
Jones (1971) to be responsible for short-range host-seeking responses of the parasite
Microplitis croceipes. Four larval frass volatiles of Plutella xylostella have been identified by
Auger et al. (1989) and the parasitoid Cotesia plutellae was found to respond significantly to
all of them in a Y olfactometer by Reddy et al., (2002). Microplitis demolitor females are
attracted to volatiles from the larval frass of their hosts Pseudoplusia includens in an
olfactometer. The major components of the frass volatiles were found to be plant chemicals
and the faeces produced on an artificial diet was not attractive to the parasitoids
(Ramachandran et al., 1991). Similarly, Agelopoulos and Keller (1994b) found that the main
volatiles emitted by frass from Pieris rapae and Plutella xylostella feeding on cabbage are

plant compounds. Frass of both these lepidopteran species is attractive to the parasitoid

108



Cotesia rubecula, even though P. xylostella is not a host. Ramachandran and Norris (1991)
propose that the herbivores frass could be a source of 7-carbon volatiles, which might be
very important for the attraction of parasitoids. They found high sensitivity of M. demolitor
antenna to 7-carbon versus 6-carbon compounds, and a heptanoic acid was found for
example by Hendry et al. (1973) in the frass of the potato tuber moth.

Odors emitted by damaged plants are expected to be much more readily perceived by
parasitoids than odors from host frass because of the much larger quantities of volatiles
emitted by plants (Vet and Dicke, 1992), but plant odors may provide limited information on
the identity of the herbivore that has been damaging the plants. This problem is partially
solved by the ability of parasitoids to learn odors by association (Vet and Groenewold, 1990;
Turlings et al., 1993). From a previous study we know that C. marginiventris can learn the
odors of the plant species maize, cotton and cowpea, while M. rufiventris did not show an
effect of associative learning in the same experiments (Tamod, 2006). Here we show that M.
rufiventris likely relies more on the specific odors coming from the feces of its hosts and
specifically “learns” to use such cues after perceiving them during an encounter with hosts.
This means that these two parasitoid species, even if they are both generalist solitary
endoparasitoid with very similar host-plant ranges, they have evolved two entirely different
strategies to find their hosts. Next to our current efforts to determine which plant volatiles are
key to the attraction of C. marginiventris (D’Alessandro and Turlings, 2005; Schnee et al.,
2006) will be to isolate and identify the volatiles present in the faeces of S. littoralis that are

responsible for the “learned” attraction of M. rufiventris.
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Chapter 6

Odour-mediated long-range avoidance of interspecific
competition by a solitary endoparasitoid: a time saving foraging

strategy

Based on: Cristina Tamo, Lise-Lore Roelfstra, Guillame Suzanne and Ted C. J.
Turlings* Odour-mediated long-range avoidance of interspecific competition by a solitary
endoparasitoid: a time-saving foraging strategy, Journal of Animal Ecology (2006) 75,
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Summary

1. In studies on optimal foraging strategies, long-range decisions in the pursuit of
resource are rarely considered. This is also the case for sympatric parasitoids, which may
be confronted with the decision to accept or reject host larvae that are already parasi-
tized by a competing species. They can be expected to reject already parasitized hosts if
it is likely that they will lose the resulting intrinsic competition. However, examples of
such interspecific host discrimination are rare.

2. We propose that parasitoids that are not egg-limited should reject inferior hosts only
if it saves them time, and that this will be achieved mainly when the parasitoids are
able to detect competitors from a distance. We tested this hypothesis using the sympatric
parasitoids Cotesia marginiventris (Cresson) and Campoletis sonorensis (Cameron).

3. C. sonorensis was found to be the superior intrinsic competitor but, upon contact
with a host larva, both wasps readily accepted hosts that had already been parasitized
by the other species. However, in an olfactometer experiment, C. marginiventris females
were found to strongly avoid the odour of their superior competitor.

4. These results are in accordance with a time optimization scenario, whereby the
inferior competitor accepts competition if it costs only an egg, but avoids competition
if it may save time that can be allocated to the search for more profitable hosts.

5. Models on host discrimination strategies in parasitoids had not yet considered
discrimination from a distance. Long-range foraging decisions can also be expected for
other organisms that have to choose between resources of varying suitability and profitability.

Key-words: competition, host discrimination, olfaction, optimal foraging, parasitoids.
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Introduction

Optimal foraging theory concerns the decisions that
animals make while foraging for resources that con-
tribute to their reproductive success. Parasitic wasps
searching for suitable hosts for their offspring have
been ideal models for such studies (Godfray 1994;
Quicke 1997). Parasitoids frequently have to decide
whether to lay eggs in already parasitized hosts, which
may be inferior resources compared to unparasitized
hosts. In case of multiparasitism by individuals of more
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than one solitary endoparasitoid species, usually only
one individual will successfully develop inside the host,
after having eliminated the other(s). Parasitoid larvae
can combat each other through physical attack, phys-
iological suppression or both (Salt 1961; Vinson 1972;
Vinson & Iwantsch 1980b; Bai & Mackauer 1991;
Tillman & Powell 1992a, 1992b; van Baaren & Nenon
1996). The species that lays its egg first can be expected
to win the competition (Bautista & Harris 1997; Wallner,
Weseloh & Grinberg 1982; Collier, Kelly & Hunter 2002),
but often the survival among same-aged parasitoid
larvae is found to be independent of the oviposition
sequence (Mackauer et al. 1992). The outcome of com-
petition may also depend on the time elapsed between
the two parasitization events (Isenhour 1988; Baur &
Yeargan 1995; De Moraes et al. 1999; Ueno 1999).



1092
C. Tamo et al.

© 2006 The Authors.

Journal compilation
© 2006 British
Ecological Society,
Journal of Animal
Ecology, 75,
1091-1099

If female wasps can distinguish between already
parasitized and unparasitized larvae they may reject
the parasitized hosts to avoid competition. Rejection of
hosts already parasitized by conspecifics (intraspecific
host discrimination) is common in larval parasitoids
(van Alphen & Visser 1990). Kin selection is likely to be
one of the driving forces that has led to the recognition
and avoidance of hosts that are already parasitized by
conspecifics. Indeed, the likelihood of avoidance of
superparasitism increases with the relatedness of the
potentially competing parasitoids (Marris, Hubbard &
Scrimgeour 1996). Kinship does not play a role in the
avoidance of multiparasitism and therefore, in the
absence of relatedness, it is expected that competitive
ability (chance of surviving the competition), eggload
and time are the key factors that determine the inci-
dence of host discrimination (van Lenteren 1981; van
Alphen & Visser 1990). It has been a topic of considerable
discussion whether eggload or time is the principal lim-
iting factor of fitness in parasitoids (Rosenheim 1996;
Sevenster, Ellers & Driessen 1998), but it is clear that in
nature the average life span of solitary parasitoids is
often too short to deposit all their eggs (Rosenheim
1999). Therefore selection should strongly favour time
optimization in parasitoid foraging strategies.

Interspecific host discrimination (avoidance of mul-
tiparasitism) has been rarely observed and mainly for
closely related species (van Lenteren 1981; Vet ez al. 1984;
van Baaren, Boivin & Nenon 1994; Royer et al. 1999;
Agboka et al. 2002; Ardeh, de Jong & van Lenteren 2005),
in which cases it could be an artefact of still using the
same cues to avoid superparasitism. Van Alphen & Vissen
(1990) argue convincingly that interspecific host dis-
crimination should only evolve in inferior competitors.
As some parasitoid species are indeed very poor com-
petitors inside the host (intrinsic), why then is inter-
specific host discrimination rarely observed among
sympatric, non-related parasitoids? Here we argue that
most studies have not considered host discrimination
from a distance.

Solitary endoparasitoids that use lepidopteran larvae
as host usually carry ample eggs and time is therefore
expected to be their most important limiting factor. Based
on a simulation model, Turlings, van Batenburg & van
Strien van Liempt (1985) suggest that aslong as a female
parasitoid is not egg-limited and oviposition is not
overly time-consuming she should accept a host already
parasitized by another species, even if the chance of off-
spring survival is small. Based on results of a field study
on parasitoids of Drosophila larvae, Janssen (1989)
drew a similar conclusion. Things would be different if
host rejection would result in considerable time gain,
time that could be used to find more suitable hosts
(Turlings et al. 1985). Such a time gain could be
achieved if already parasitized hosts are detected and
rejected from a distance.

Long-distance avoidance of possible competitors
was first reported by Price (1970), who found that in the
three ichneumonid genera Pleolophus, Endasys and
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Mastrus, females avoid areas where other parasitoids
had searched previously for hosts. Similarly, Janssen
et al. (1995a, b) showed the ability of the parasitoid
Leptopilina heterotoma to recognize and avoid patches
with the superior competitor, L. clavipes, using volatiles
substances. This avoidance occurs only when both hosts
and competing parasitoids are present on the same
patch and the competitors have had contact with the
hosts. The exact source and identity of the avoidance-
invoking odour remains unknown. The odours could
be produced by parasitoids searching for hosts, by host
larvae that are being attacked or they could be a side
effect of the oviposition behaviour of the parasitoid
(Janssen et al. 1995b). Interestingly, and in accordance
with our hypothesis, L. heterotoma do not avoid laying
eggs in hosts already parasitized by L. clavipes. Thus,
Janssen and coworkers provide the first support for a
time saving strategy. Such sophistication in parasitoid
foraging behaviour can be expected only in closely
coevolved systems, where parasitoids occupy similar
niches.

Here we present a study on another closely coevolved
system for which we specifically tested the hypothesis
of time-saving competition avoidance. The solitary
endoparasitoids Cotesia marginiventris (Cresson)
(Hymenoptera: Braconidae) and Campoletis sonorensis
(Cameron) (Hymenoptera: Ichneumonidae) are the main
parasitoid species that attack larvae of Spodoptera
frugiperda (Lepidoptera: Noctuidae), one of the most
important insect pests of different crops in the Americas
(Sparks 1979; Andrews 1988; Ashley et al. 1989). C.
marginiventris and C. sonorensis co-occur throughout
North America and have been collected frequently in
the same maize fields (Pair et al. 1986; Andrews 1988;
Riggin et al. 1993; Molina-Ochoa et al. 2001; Hoballah
et al. 2004) and are expected to have a long history
together, which may have led to traits that reduce com-
petition between the wasps. They both attack second
and third instar larvae (Isenhour 1985; Jalali, Singh &
Ballal 1987), but neither C. marginiventrisnor C. sonorensis
seems to avoid to lay eggs in larvae already parasitized
by conspecifics or by other species (Rajapakse, Ashley
& Waddill 1991; Rajapakse, Waddill & Ashley 1992;
Baur & Yeargan 1995; Escribano et al. 2000).

Several studies have evaluated how C. marginiventris
(Isenhour 1988; Rajapakse et al. 1991; Rajapakse et al.
1992; Escribano et al. 2000; Sallam, Overholt & Kairu
2002) and C. sonorensis (Vinson 1972; Vinson & Ables
1980a; Escribano et al. 2000) compete with other
parasitoid species, but no information exists on the
competition between the two. Depending on the spe-
cies they were competing with, both species were found
to be either superior or inferior intrinsic competitors
(Miller 1977; Isenhour 1988; Rajapakse et al. 1991; Baur
& Yeangan 1995; Escribano et al. 2000). All the larval
instars of both C. marginiventris and C. sonorensis possess
mandibles that potentially could be used to attack other
parasitoid larvae (Boling & Pitre 1970; Wilson & Ridgway
1975). The developmental time of C. marginiventris and
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C. sonorensis is similar and depends strongly on
temperature (Wilson & Ridgway 1975; Kunnalaca &
Mueller 1979; Isenhour 1986).

Like many other parasitoids of herbivores (Turlings
& Benrey 1998; Dicke & Vet 1999; Turlings & Wéckers
2004b), C. marginiventris and C. sonorensis are both
attracted to the odours produced by the plants attacked
by their hosts (Elzen, Williams & Vinson 1983, 1984;
Turlings, Tumlinson & Lewis 1990; McAuslane, Vinson
& Williams 1991; Turlings, Davison & Tamo 2004a).
However, nothing is known about the long-range inter-
action and possible interference in the hosts searching
process between the two species.

Here we show that C. sonorensis has the best chance
to survive in case of multiparasitism and that this is
affected neither by the sequence in which the two spe-
cies parasitize the same host nor by the time difference
between the respective ovipositions. The competitive
superiority of C. sonorensis was confirmed in cage stud-
ies with host larvae on small maize plants, in which the
wasps could forage freely together. A six-arm olfac-
tometer was used to investigate if the wasps respond to
the odour of competing females, with the expectation
that the inferior competitor might avoid the odour of
other species to optimize its time allocation in favour of
the search for the most suitable hosts. C. marginiventris
was indeed found to be repelled by the odour of C.
SONOYrensis.

Methods

INSECTS

The rearing colony of C. marginiventris originated
from the USDA-ARS, Biological Control and Mass
Rearing Research Unit (Mississippi, USA). The C.
sonorensis colony was established in 2001 from indi-
viduals collected from parasitized S. frugiperda larvae in
maize fields in Mexico (Poza Rica, Veracruz, Mexico).
That year the C. marginiventris was replenished with
wasps from the same fields. Both parasitoids were reared
on S. littoralis. For the rearing, 25 S. littoralis caterpillars
(2-4 days old) were offered to two mated females (4—
7 days old) for 3 h in a plastic container (9-5 cm diam-
eter, 5 cm high). The parasitized caterpillars were then
placed into transparent plastic boxes (15 x 13 x 5-5 cm)
on a wheatgerm-based artificial diet until cocoon
formation. Cocoons were kept in open Petri dishes,
which were placed in Bugdorm-1 cages (30 x 30 x 30 cm)
(MegaView Science Education Services Co. Ltd, Taiwan)
at a sex ratio of 1:2 (male : female), with wet cotton
wool and honey as a food source. Parasitized host
larvae and adults of C. marginiventris were held until
the experimental day in an incubator (25 °C and
16 L : 8D), whereas parasitized larvae and adults of
C. sonorensis were held in the laboratory under ambi-
ent light and temperature conditions (19-24 °C). All
experiments were conducted with 2—4-day-old naive
mated females.
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S. littoralis larvae were reared from eggs provided by
Syngenta (Stein, Switzerland). The eggs were kept in
the above-described incubator and after emergence
larvae were placed on artificial diet at room temperature,
until using them either for rearing or for the experiments.

PLANTS

For the cage experiment 10—11-day-old maize plants
with four to five fully developed leaves (var. Delprim)
were used, whereas 8—9-day-old maize plants of the
same variety with three to four developed leaves were
used for the olfactometer experiment. One seed (for the
cage experiment) or two seeds (for the olfactometer
experiment) were planted per pot (200 mL) in commer-
cial soil (COOP, Switzerland) and grown in a climate
chamber (23 °C, 60% r.h., 16D: 8 L, 50 000 L m™ m?).
The day before an olfactometer experiment started, the
plant pairs were transplanted into glass pots that fitted
the olfactometer (250 mL, 4-5 cm diameter, 11 cm high).

INTRINSIC COMPETITION

To determine the intrinsic competitive ability of each
species we set up the following experiment. Twenty-five
second instar S. littoralis larvae were offered to two
parasitoid females (2-4 days old) of one of the two par-
asitoid species in a plastic box (9-5 cm diameter, 5 cm
high). If a female did not sting any larvae within 5 min,
another female was used. As soon as stinging with the
ovipositor was observed, the presumably parasitized
larva was removed and transferred to another identical
plastic box. After 25 larvae were parasitized they were
either (1) kept on artificial diet or (2) offered to two
parasitoid females of the other species after 5-10 min
(0 days), 1 day or 2 days. During the second oviposi-
tion cycle the females were also observed and the
multiparasitized larvae were removed immediately and
transferred into a new plastic box with artificial diet.
All the larvae that were assumed to have been singly
parasitized or multiparasitized were then reared on
artificial diet until cocoon development, in a separate box
for each of the four treatments. The experiment was
replicated six times for each combination of parasitoids
and time delay between ovipositions. Unparasitized
larvae were easily recognizable after 3—-5 days, as they
grew much larger than the parasitized larvae. They
were counted and removed. The number of dead larvae
was recorded daily, as were the number of cocoons of
each parasitoids species that were formed.

CAGE EXPERIMENTS

To investigate possible competitive interactions in a
simultaneous foraging situation, a second experiment
was carried out where the females could interfere
with each other either directly (disturbance, aggressive
behaviour) or indirectly (interspecific host discrimina-
tion, multiparasitism, etc.). For each replication we



1094
C. Tamo et al.

© 2006 The Authors.

Journal compilation
© 2006 British
Ecological Society,
Journal of Animal
Ecology, 75,
1091-1099

used six cages Bugdorm-2 (60 x 60 x 60 cm) (MegaView
Science Education Services Co. Ltd, Taiwan), each
holding five pots containing a 10—11-day-old maize
plant. Fifteen second instar S. littoralis larvae were
placed on each plant (75 larvae per cage) and were allowed
to feed during one night before releasing the wasps. Each
cage received a different combination of parasitoids:
either eight C. marginiventris, eight C. sonorensis, four
C. marginiventris + four C. sonorensis, four C. margin-
iventris, four C. sonorensis or two C. marginiventris + two
C. sonorensis. The parasitoids were left with the plants
and the larvae for 24 h. The hosts were collected,
counted and kept in plastic boxes with artificial diet
(one per cage). The experiment was replicated three
times. We checked daily for dead and unparasitized lar-
vae, and for the emergence of the cocoons.

For both the above experiments, a G-test with William’s
correction was used to test for differences between the
species in the number of cocoons, unparasitized larvae,
dead larvae and larvae that were not found back (the
latter only for the cage experiment). In cases of signi-
ficance, a pairwise comparison between treatments was
performed after the G-values were subjected to a Yates’
continuity correction.

OLFACTOMETER ASSAYS

A six-arm olfactometer (Turlings et al. 2004a) was
used to test if the female wasps responded to the odour
females of the competing species or to the odour of con-
specifics. The olfactometer consists of six odour vessels
that are connected to the six arms of a central chamber
in which the parasitoids can choose between different
odours. In this apparatus both species have shown to be
attracted readily to the odours of plants damaged by
their hosts (personal observations). The experiments
tested if thisattraction of the parasitoids to the induced
plant odours was affected by the presence of females
of their own species or of the competing species. Three
odour sources were prepared, each with two maize plants
on which 20 second instar S. /ittoralis larvae were allowed
to feed during one night; vessels holding these plants
were alternated with empty (control) vessels. One h before
an assay, 10 females of C. marginiventris were placed in
an arm connected to a vessel with caterpillar-damaged
plants; to another such arm 10 C. sonorensis females
were added, and no wasps were added to the third arm.
During the first 0-5 h the females were trapped in the
arms using plugs of cotton to prevent them from either
walking up into the trapping bulb or out of the arm
into the choice chamber (see Turlings et al. 2004a for
adetailed drawing of the olfactometer). In this manner,
any odour emitted by the females could adsorb onto
the glass in the arm. After 0-5 h the cotton plugs were
removed and the normal experimental airflows were
passed through all arms. The wasps remained in the
arm and were given 0-5 h to settle in the trapping
bulb. On each test day, three groups of six naive females
of each species were released alternately in the choice
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chamber and their choices were recorded. Each group
of females was given 0-5 h to make a choice and then
removed. This experiment was replicated on 6 differ-
ent days, with the different odours being introduced
through different arms and alternating between the
species that was first released in the olfactometer. A
log-linear model assuming quasinormal distribution,
thus allowing for overdispersion of the wasps, was used
in statistical tests for odour preferences (Turlings et al.
2004a).

COLLECTION AND ANALYSES OF VOLATILES

During the 3-h bioassays, part of the volatile emissions
from each odour source was collected by sucking 50%
of the air flow out of each odour source vessel through
a trapping filter containing 25 mg of 80-100 mesh
Super Q adsorbent (Altech, Deerfield, 1L, USA), as
described by Turlings et al. (2004a). Immediately after
each experiment, the volatiles collected on the filters
were extracted with 150 uL of methylene chloride and
two internal standards (n-octane and nonyl acetate,
each 200 ng in 10 uL. methylene chloride) were added
to these extracts. Aliquots of these samples were ana-
lysed by gas chromatography and mass spectrometry,
as described by Turlings et al. (2004a). Total quantities
of the collected volatiles were calculated based on their
peak areas compared to those of the internal standards.
Analysis of variance (aANova) and Student-Newman—
Keuls post-hoc tests were used to compare the total
quantity of volatiles emitted among plant species.

Results

INTRINSIC COMPETITION

In all cases where the larvae were multiparasitized,
significantly more C. sonorensis than C. marginiventris
cocoons emerged from the parasitized larvae (Fig. 1).
Larvae that were parasitized only by C. sonorensis
yielded similar numbers of C. sonorensis cocoons as the
multiparasitized larvae (G,q = 3:42, P = 0-75). In con-
trast, when larvae were parasitized by C. marginiventris
only, significantly more C. marginiventris cocoons were
produced than when larvae were multiparasitized
(G,qj. = 134:28, P < 0-001). When the larvae were sub-
jected to an oviposition by only one of the two species,
significantly more C. marginiventris emerged than
C. sonorensis (G,q; = 10-11, P <0-01). The number of
parasitized larvae that died before forming a cocoon
was also significantly different among treatments: there
were fewer dead larvae when they were parasitized only
once and in the cases of multiparasitism larval mortality
increased with the number of days between the two
parasitization events (G,q = 16:69, P <0-05). The
numbers of larvae that were found to be unparasitized
(or survive parasitism) was significantly higher when
they only had been stung by C. sonorensis (G,4; = 70-20,
P <0-001).
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Fig. 1. Outcome of intrinsic competition experiments. Host larvae were parasitized by C. marginiventris and/or C. sonorensis and
in case of parasitization by both species, the order in which the two species were allowed to oviposit and the time in between
ovipositions varied (0, 1 or 2 days in between ovipositions). The bars on the left indicate the number of parasitoids that emerged
from the host larvae (number of cocoons formed). Significant differences between the cocoons recorded for the two species are
shown next to the bars. The bars on the right represent the larvae that died or survived parasitism.

CAGE EXPERIMENTS

In the cages where the two parasitoids foraged together
significantly more C. sonorensis than C. marginiventris
cocoons emerged from the larvae (Fig. 2: G,4; = 41-85,
P < 0-001); this was true in the cages with two C. mar-
giniventris and two C. sonorensis females (G4, = 21-44,
P < 0-001), as well as for the cages with four females of
each species (G, = 1929, P < 0-001). The number of
cocoons of C. sonorensis was significantly higher for
the cage where four C. sonorensis females foraged alone
compared with all the other treatments with C. sonorensis
(G, = 13:95, P < 0-01). Significantly fewer C. margin-
ivetris cocoons were found in the cages where the two
species were foraging together compared with the cages
where C. marginiventris foraged alone (G,q; = 77-13,
P < 0-001), but no significant difference was found in
the number of cocoons between cages with either four
or eight females of this species foraging alone (G,q;. =
0-74, P = 0-4). There was no difference between C.
marginiventris and C. sonorensis in parasitism effective-
ness when they foraged alone (G,q; = 0-01, P =0-9).
The number of parasitized larvae that died before a
cocoon was formed was significant different among
treatments. Fewer larvae died from cages with only
C. sonorensis, and larval mortality was highest for the
cages in which four C. marginiventris and four C. sonorensis
had foraged together (G, = 18:70, P < 0-01). The
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number of unparasitized larvae was highest in the two
treatments with only C. marginiventris (G,q; = 31-82,
P < 0-001). Finally, the number of larvae that were not
found back was significantly higher for the cages with
eight C. sonorensis (G, = 16:99, P < 0-01).

OLFACTOMETER ASSAYS

Females of both species were readily attracted to the
arms that carried the odour of host-infested plants
(Fig. 3). C. marginiventris females rarely entered the
empty arms or the arm with C. sonorensis females plus
maize odour, whereas they often chose the arm con-
taining only maize odour or the arm with maize odour
combined with C. marginiventris females (Fig. 3a). The
C. sonorensis females also rarely entered the empty
arms, but they chose equally well among the arms con-
taining maize odour, independently of the presence of
other female wasps (Fig. 3b). No significant differences
were found between the total amounts of volatiles
produced by the induced maize plants present in the
different arm (Fig. 3c; P = 0-22).

Discussion

The intrinsic competition between C. sonorensis and C.
marginiventris was almost always won by C. sonorensis,
even if C. marginiventris had parasitized 2 days earlier
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Fig. 2. Outcome of cage competition experiments. C. marginiventris and/or C. sonorensis wasps were placed for 24 h in cages with
ample host larvae on maize plants. Numbers of wasps in the different cages varied as indicated. The bars on the left represent the
number of parasitoids that emerged from the recollected host larvae (number of cocoons formed). Significant differences between
the cocoons recorded for the two species are shown next to the bars. The bars on the right represent the larvae that were not found

back, that died or that survived parasitism.

(Fig. 1). We did not establish whether this was a result
of physical or physiological attack. However, cases of
physical attack have been documented for C. sonorensis
by Vinson & Ables (1980a). A closely related species, C.
perdistinctus, employs both physical and physiological
attack to suppress the larvae of Cardiochiles nigriceps
in case of multiparasitism, depending on the time
elapsed among the two parasitization events and on
their sequence (Vinson 1972).

A large proportion of larvae was not successfully
parasitized when C. sonorensis was the sole attacker
(Fig. 1). This either means that there was not always an
egg deposited when a sting was observed, or that some
eggs or larvae did not survive inside the singly parasitized
hosts. Therefore the competitive ability of C. sonorensis
may have been under-estimated, because a certain pro-
portion of the larvae that were assumed to be double-
parasitized might not have contained a viable C. sonorensis
larva. Indeed, Spodoptera species are not the most
suitable hosts for C. sonorensis, as they may be able to
resist parasitism by encapsulating a proportion of the
parasitoid’s eggs (Prevost, Davies & Vinson 1990; Cui,
Soldevila & Webb 2000). In this context it should be noted
that there was a consistent tendency that in the trials
where C. marginiventris parasitized first, more C. sonorensis
were produced. This suggests that C. sonorensis larvae
may have benefited from the ability of C. marginiventris
to suppress a host resistance factor. Various hymenop-
teran parasitoids, including C. marginiventris (Hamm,
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Styer & Lewis 1990; Styer, Hamm & Nordlund 1987),
suppress host resistance by injecting a polydnavirus in
ahost together with an egg and a study by Cusson e al.
(2002) suggest that the injection of a polydnavirus by
one parasitoid species may help a second parasitizing
species. Hence, C. sonorensis may benefit from the pres-
ence of C. marginiventris and there would be no reason
for the former to avoid the latter. In fact, C. sonorensis
can be expected to prefer hosts larvae that have already
been parasitized by C. marginiventris, which could
explain why the olfactometer arm with C. marginiventris
attracted slightly more C. sonorensis (Fig. 3b).

The cage experiments showed that when C. marginiv-
entris and C. sonorensis were alone their parasitism
rates were comparable. However, when the two species
of parasitoids searched together for the hosts in the
same cage, the proportion of C. marginiventris emerg-
ing was drastically reduced (Fig. 2). This is due prob-
ably to the superiority of C. sonorensis in the intrinsic
competition, but could also in part be the result from a
reduced oviposition rate caused by direct interference
between the adults. The latter possibility is indicated by
the results from the olfactometer experiment. Both
species were equally attracted to the induced odours
produced by the maize plants under caterpillar attack,
but the C. marginiventris females avoided the arms
containing females of C. sonorensis. This implies that
C. marginiventris uses volatile cues to avoid patches
where C. sonorensis females are already searching for
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Fig. 3. Results from six-arm olfactometer experiments.
Responses of females of (a) C. marginiventris or (b) C.
sonorensis that were offered a choice between the odours of
host-infested maize plants alone, host-infested maize plants
plus 10 C. marginiventris females, host-infested maize plants
plus 10 C. sonorensis females, and three olfactometer arms
that carried clean air. The bars represent the totals of choices
made over all replicates. The letters above the bars indicate
significant differences calculated from a log-linear model,
which used the values of each replicate (n = 18 groups of six
wasps, P <0-001). Graph (c) shows the total amounts of
volatiles collected for each odour source during the bio-assays
(n = 6). No significant differences were found among the arms
that carried the odour of an infested maize plant.

hosts. This is similar to the interaction between the two
Drosophila parasitoids Leptopilina heterotoma and
L. clavipes (Janssen et al. 1995a). The inferior competitor,
L. heterotoma, avoids stinkhorn patches were L. clavipes
are present. Janssen et al. (1995b) also found that
L. heterotoma avoids stinkhorn patches with conspecifics.
C. sonorensis and C. marginiventris did not avoid the
odour of conspecifics.

As in the studies by Janssen and colleagues the long-
range avoidance of heterospecific competitors must be
due to a repellent odour. In our case it can be excluded
that the repellence was due to a change in the odours
produced by the herbivores in the presence of the
competing parasitoid, as has been suggested in the
avoidance of the Drosophila parasitoid L. clavipes by its
competitor L. heterotoma (Janssen et al. 1995b). In our
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olfactometer assays, the plants and the hosts were
separated from the parasitoids and there was no inter-
action with hosts possible.

Price (1970) noted that ichneumonid parasitoid
females avoided areas that had previously been searched
by conspecific and heterospecific parasitoids and sug-
gested that this was due to the ‘pungent’ smell they
emit. Ours appears to be the first study to demonstrate
that indeed parasitoid-produced odours directly affect
other members of the third tropic level. C. sonorensis is
an ichneumonid and, as was the case for the wasps
studied by Price (1970), produces a scent that is detect-
able by the human nose. Hence, an odourous signal is
available that may be used by C. marginiventris to avoid
its competitor. This avoidance of competition occurs
only at a distance and not when a female contacts larvae
that have already been parasitized. This may be because
there are no contact signals that allow them to make the
distinction between parasitized and unparasitized host,
but given that various parasitoids can make such a dis-
tinction (van Alphen & Visser 1990), it is more likely that
the wasps ‘choose’ to accept inferior hosts when they
contact them. This is in accordance with our expectation
that the wasps’ foraging success is limited by time rather
than by egg load. The wasps carry ample eggs and can
waste some to poor-quality hosts. Moreover, an ovipo-
sition takes a few seconds at most, whereas the preced-
ing location of the host can take considerably more
time (personal field observations). Avoiding already
parasitized hosts from a distance may therefore save
them sufficient time to increase the likelihood of find-
ing a larger number of more suitable hosts during their
life span. Theoretical models used to predict whether
or not parasitoids should discriminate between parasi-
tized and unparasitized host have not yet considered
discriminations from a distance (van Alphen & Visser 1990).
These models predict that discrimination is more likely
to occur if rejection time is much shorter than handling
time (host recognition and oviposition time). Adding host
recognition from a distance and subsequent host loca-
tion time to the handling time in these models would
greatly alter their outcome. Hence, interspecific host
discrimination may be far more common than thus far
assumed. Optimal foraging models developed for other
systems should also consider the possibility of time
saving foraging decisions from a distance.
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Conclusions

In chapter 1 it is shown that the six-arm olfactometer is a very effective tool to test
the relative attractiveness of different odour sources to parasitic wasps. Female wasps
responded extremely well in tests where they were offered a single odour source as well
as in tests with multiple choices. The responses of wasps released in groups were the
same as those released individually. The females did not attract or repel each other, but
males were attracted into arms in which females had been released. Dose response
tests with varying numbers of plants or host larvae on plants revealed that the wasps
responded in a dose related manner, thus showing that the system is well suited to
measure relative attractiveness. The clear choices of the insects among six possibilities
provided substantial statistical power. Gas chromatographic analyses of sampled air
revealed clean and effective odour trapping, which largely facilitates the comparison of
results from behavioural assays with the actual blends of volatiles that were emitted by

the various odour sources.

By studying the long-range attraction among conspecifics of the same or of
different sex in chapter 2 we found that C. marginiventris males were strongly attracted
to the odour of their conspecific females, whereas males were not attracted to other
males, and females were not attracted to either sex. For M. rufiventris the attraction of
males to females was weak but significant and again no attraction was found in all the
other combinations tested. The attraction of C. marginiventris and M. rufiventris males to
conspecific females suggests that females of these two species produce a volatile sex
pheromone. Males of both species were found not to be attracted to host-induced plant
odours and this lack of attraction was not changed by an experience with these induced

odours in the presence of conspecific females. Hence, males of these two species do
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not make use of plant volatiles for mate finding and do not use learning as a means to

associate potential mates with an experienced odour.

In chapter 3 it was found that the three wasp species responded differently to the
induced odours of maize, cotton and cowpea. Naive C. marginiventris and C. sonorensis
choose equally among the odours of the three plants, whereas naive M. rufiventris
tended to prefer the odour of maize. After conditioning C. marginiventris always
preferred the odour of the plant species that they had experienced, but the conditioned
M. rufiventris showed an even stronger preference for maize odours, independently of
the plant they experienced. C. sonorensis did not show a change in its preference after
conditioning. These results seem to imply that different generalist parasitoids employ

different foraging strategies and that associative learning is not necessarily part of it.

The first aim of chapter 4 was to test if preimaginal or emergence experiences
affect the odour preferences of adult females of C. marginiventris. No such effect was
found, as C. marginiventris females that were reared from hosts fed on different diets
(artificial diet, maize, cotton or cowpea) did not show any differences in their preferences
for induced odours of the three plants that were tested. The responses were
independent of the plant that they were reared on. In this chapter we also found that
naive females and females with an oviposition experience on one of the three plants
species would start to parasitize sooner and more larvae on one of the plant species
than on artificial diet. No differences were found for the wasps experienced on a
particular plant in how they parasitized on the different plant species, implying that, at
short range, plant stimuli enhance oviposition drive, but that this is the result of priming
(increasing “motivation”) rather than associative learning. However,females with an

oviposition experience on artificial diet subsequently showed an increase in parasitism
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rate on all diets, suggesting that they did learn to associate the unnatural substances of

the artificial diet with host presence.

In chapter 5 we studied the relative importance of host-derived and plant-derived
volatiles for the attraction of C. marginiventris and M. rufiventris. Naive C. marginiventris
were found to be highly responsive to maize plants with fresh damage (which typically
release green leaf volatiles). Wasps became more responsive to the odour of plants with
older damage (which release specific herbivore-induced volatiles) after experiencing
these odours during an encounter with hosts. In contrast, naive M. rufiventris responded
best to the complete blend of plant-produced volatiles, while experience with hosts on a
damaged plant rendered this wasp more responsive to volatiles that are directly
associated with the herbivores and/or their by-products. Volatiles coming from the
faeces of its hosts seem to play an important role in guiding experienced M. rufiventris to
plants infested by its host. Although both wasps have similar host ranges they clearly

employ different strategies to find these hosts.

In chapter 6 we studied the competition between the sympatric larval parasitoids
Cotesia marginiventris and Campoletis sonorensis. It was shown in no choice and in
choice experiments that C. sonorensis always out competes C. marginiventris in
multiparasitised hosts, independently of the sequence in which the two species
parasitize a host and of the time difference between the respective ovipositions. In the
six-arm olfactometer, C. marginiventris females avoided the odour of C. sonorensis
females, which could be a foraging strategy that may help the wasp to reduce negative
fitness effects of the intrinsic competition. This so-called counter-balanced competition
may help the two species of wasps to co-exist and may increase their joint effectiveness

as control agents.
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Outlook

Overall, it can be concluded that the novel six-arm olfactometer can be used as a
bio-assay tool that can rapidly provide more insight in the intricate use of volatile cues by
parasitoids to find hosts and mates. The parasitoids studied here appear to use female-
produced sex pheromones, but not plant odours, to locate mates. Further research
should be conducted to determine if only virgin females release the pheromones, as is
indicated by the results for M. rufiventris. Identification of such pheromones may be
useful to monitor for parasitoid presence in the field and in studies on parasitoid
population structures.

Generally, this work also highlights that different parasitoid species with similar
host ranges and life cycles can show considerable differences in their responses to host-
induced plant odours. These differences were most evident in how experiences with
hosts and associated odours affected the responses of the females to induced plants
odours. We should therefore be cautious in generalising the strategies that parasitoids
have evolved to optimise host microhabitat location and it is important to recognize that
each species needs to be studied separately to understand its specific behaviour. This is
particularly important if we wish to optimise the effectiveness of parasitoids in biological
pest control. In this context, the surprising results obtained for M. rufiventris are highly
illustrative. Against expectations, this wasp appears to learn specific host-related cues
during an encounter with hosts. Further work will have to reveal what the exact source
of these cues is and, ideally, identify the volatile substances that are implicated.

An additional complicating factor was revealed in the study on the interactions
between the sympatric and competing parasitoid species. Such interactions have to be
taken into account for a full understanding of the foraging decisions made by parasitoids

and if one wishes to maximise their effectiveness as biological control agents. Other
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biotic (e.g. pathogens) and abiotic (e.g. water stress on plants) factors can be expected
to also have profound effects on the signals that the parasitoids have available to them
and on how they exploit them. With this in mind, it seems pertinent that studies like the
ones presented here are followed-up by field experiments in which the resulting
hypotheses be tested. Without understanding how the numerous and complex
interactions among the different actors of these systems are translated in the field we
can only keep speculating on the ecological and evolutionary implications of our findings.
Moreover, in order to exploit some of the findings from these studies for the biological
control of pest insects, it is essential to identify the key volatiles that are responsible for
the attraction of the parasitoids to host habitats. In the cases were these volatiles are
produced by plants under attack by the pest, modern methods are now available to
manipulate and enhance the production of the attractants. In that way, the mutualistic
interaction that has evolved between the first and the third trophic level could be

exploited for our own benefit.
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